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SUMMARY 

Older cities across the United States have been grappling with how to mitigate 

stormwater for decades. The ongoing trend of land development coupled with the 

heightened frequency and intensity of storm events has necessitated costly infrastructure 

improvements that are short-sighted and fail to address the underlying cause of increased 

runoff. Green stormwater infrastructure (GSI) has recently emerged as a popular 

stormwater mitigation tool that mimics and restores the natural environment while 

providing the same functional benefits as conventional systems. 

The purpose of this research is to evaluate the effectiveness of GSI in roadside 

applications (i.e., “Green Streets”) to reduce combined sewer dependency and provide an 

alternative solution to sewer separation. Typically, roadways reach the end of their design 

life after 40 years, at which point, they are fully reconstructed. Reconstruction provides an 

opportunity to re-imagine the right-of-way (ROW) and shift away from conventional 

drainage design.  The Green Street Toolkit presented in this research provides a planning 

and design framework that can be utilized prior to reconstruction to integrate green 

infrastructure into the ROW, which has the potential to eliminate stormwater runoff from 

the combined sewer system along the reconstructed segment. The Toolkit is applied under 

three design storm scenarios to evaluate the feasibility of a green street approach for 

varying storm intensities. Although green streets may not eliminate combined sewer 

dependency in every case, this work shows their potential in removing a substantial amount 

of stormwater runoff from the combined sewer system while providing secondary benefits 

not offered by conventional infrastructure.
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CHAPTER 1. INTRODUCTION 

“Don’t it always seem to go that you don’t know what you got ‘til it’s gone 

They paved paradise and put up a parking lot.” 

- Lyrics from Joni Mitchell’s Big Yellow Taxi, 1970  

The trend of urbanization in the United States has generally been regarded as 

positive, but while growing cities are a proxy for bustling economies and new 

opportunities, the resulting influx of development has resulted in changes to the physical 

environment that have outpaced the capabilities of existing infrastructure. As of 2020, it’s 

estimated that over 83% of the U.S. population lives in urban areas, and by 2050, this 

percentage is expected to increase to 89% (Center for Sustainable Systems 2020). 

Construction of new buildings and roadways to accommodate population growth has 

resulted in major reductions of pervious surfaces, generating large volumes of runoff that 

are blindly handed off to city sewers. Sewers have long provided a convenient “out of sight, 

out of mind” approach to handing runoff, but as development density increases, frequent 

back-ups and local flooding have become commonplace. In cities with combined sewer 

systems where sanitary waste and stormwater flow within the same pipe, overwhelmed 

pipes are not only a flooding hazard, but a threat to public health.  

Historically, once the runoff becomes too much to handle, cities have addressed the 

problem with what they thought was a silver bullet, combined sewer overflows (CSOs). 

During heavy rain events, CSOs intercept and store large quantities of runoff until 

treatment plants downstream have the capacity to treat the waste. Even the largest CSOs 
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are prone to fail during some rain events, such as those with high intensity or long duration, 

forcing runoff to bypass treatment plants and discharge into local waterways. Engineers 

and city officials have started to reach the consensus that large-scale CSO projects are 

costly, disruptive, and unable to provide sufficient capacity long-term.    

For the past 30 years, the United States Environmental Protection Agency (EPA) has 

been working with cities to address and eliminate CSO pollution. Combined sewer 

separation has emerged as the EPA’s leading solution because it reduces the amount of 

volume in the system during a heavy rain event. However, combined sewers are mainly 

found in older, more developed cities, meaning a full overhaul of a combined system is not 

only physically challenging, but cost prohibitive. Recently, a handful of U.S. cities have 

turned to alternative approaches, calling on engineers to design and construct infrastructure 

that mimics the natural environment, commonly referred to as green infrastructure. Unlike 

CSOs, green stormwater infrastructure (GSI) is designed to mitigate runoff issues at the 

source by slowing the time of concentration (the time it takes for runoff to enter the 

system), reducing the peak volume, and filtering contaminants through infiltration. 

While GSI has gained immense popularity over the past decade, conventional, or 

“gray” infrastructure remains the predominant method to control stormwater runoff for two 

reasons; first, engineers are reluctant to experiment with public works, and second, 

politicians hesitate to allocate their already limited budget toward projects with little 

precedent. Yet, over the last 100 years, as cities have continued to address stormwater 

runoff with tried-and-true gray infrastructure, the problem – much like the diameter of CSO 

pipes – continues to grow.  
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The time has come to move beyond conventional solutions and to start approaching 

public infrastructure as a comprehensive system with interdependent components. Even 

within the existing academic research, there is a natural tendency to study each type of 

infrastructure individually, rather than as a system with dependent interactions. This paper 

seeks to intertwine two fundamental pieces of civil infrastructure - roadways and sewers - 

to present an alternative method to sewer separation using green infrastructure.  

The methodology presented in this research is in the form of a Green Street Toolkit 

which provides a process to incorporate green infrastructure into the roadway during the 

reconstruction cycle. Typically, roadways reach the end of their design life after 40 years, 

at which point they are fully reconstructed. Oftentimes, during reconstruction the entire 

right-of-way (ROW) is improved, which provides an opportunity to re-imagine the 

adjacent infrastructure – including roadway and stormwater drainage. The Green Street 

Toolkit provides a framework that can be utilized prior to reconstruction to integrate green 

infrastructure into the new design, which has the potential to remove stormwater runoff 

from the combined sewer system along the reconstructed segment. While green 

infrastructure is not an entirely new subset of civil engineering, programmatic integration 

into roadway reconstruction across large areas is rare. Thus, this research examines the 

potential a systematic green street approach has in alleviating, and possibly eliminating, 

the need for combined sewers over just one reconstruction cycle, i.e., 40 years.      

The methodology acts as a planning analysis that helps bridge the gap between policy 

and implementation, and therefore the contribution this work makes to the field of civil 

engineering and, more specifically, green streets, is two-fold. On the policy side, the 

methodology is intended to inform the stormwater standard that should be enforced (i.e., 
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how much runoff should be captured?). On the implementation side, it provides a 

standardized prescription for green street design that can be applied universally (i.e., the 

type of GSI that should be considered for a given roadway segment and the extent of 

roadway modifications necessary to install it). Although existing stormwater guides and 

manuals provide technical information on green infrastructure, they tend to be too general 

or too specific. For example, the National Association of City Transportation Officials 

(NACTO) provides several recommendations on how to incorporate stormwater mitigation 

into roadway design, but they stop short of providing quantitative analyses (i.e., how much 

runoff can a specific type of GSI store, how much does it need to store according to local 

rainfall data, and what is the projected physical impact to the roadway?). On the other hand, 

manuals such as the Georgia Stormwater Management Manual (GSMM) provides 

thorough documentation of quantitative methods, but is better suited for new, private 

development as opposed to retrofits or roadway applications. Thus, this work provides 

value because it collects pertinent information from relevant resources and synthesizes it 

to create a quantitative and qualitative planning methodology that specifically focuses on 

green streets.  

The main case study presented in this research applies the Green Street Toolkit to the 

combined sewer area within the City of Atlanta under three storm scenarios with varying 

degrees of rainfall intensity. However, the methodology is intended to be replicable for any 

city that experiences combined sewer-related issues such as localized flooding, poor water 

quality, or frequent sewer overflows. Atlanta provides a unique lens with which to study 

the effectiveness of the Green Street Toolkit because the combined sewer area is located 

within densely populated, and many times, historic, areas. Furthermore, there has been a 
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longstanding assumption that the remaining portion of the city’s combined sewer system 

will never be separated due to budgetary constraints. Yet over the past 20 years, Atlanta 

has spent more than more than $2.5 billon to comply with CSO regulations and is on track 

to spend another $1.2 billion by 2030 (City of Atlanta DWM 2020c). Once the planned 

improvements are completed, there is still no guarantee that all CSO events will be 

eliminated. Unfortunately, physical and budgetary constraints related to sewer separation 

are not unique to the City of Atlanta, and a new approach to controlling stormwater is 

desperately needed across much of the US. The Green Street Toolkit methodology 

presented in this research has the potential to alter the way cities treat stormwater while 

creating infrastructure that serves as an asset, rather than a risk.  

1.1 General Outline of Paper  

 This paper presents a toolkit that assesses existing roadway characteristics and 

proposes a suite of green infrastructure solutions to be applied during reconstruction that 

are most appropriate given the assumed existing conditions. CHAPTER 2 provides a 

summary of relevant literature, including an overview of the history of combined sewers 

and current best practices in green infrastructure. CHAPTER 3 presents the underlying 

methodology in creating the Green Street Toolkit. CHAPTER 4 applies the Toolkit to the 

main case study, the City of Atlanta, and is followed by an in-depth discussion of the case 

study analysis and results. Finally, CHAPTER 5 discusses opportunities for future work 

and improvements upon this research, as well as policy recommendations to aid in the 

planning, implementation, and maintenance of the Green Street Toolkit.  
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CHAPTER 2. BACKGROUND 

This section presents a review of existing literature that was performed to understand 

the origins of sewer systems in the United States and the repercussions that stem from the 

decision to utilize combined versus separate sewer design. The shift from “gray” to “green” 

sewer design is also discussed, highlighting examples from U.S. cities that have recently 

adopted low impact design strategies to mitigate the negative effects of CSOs. The last 

portion of this section provides context for the City of Atlanta, including a brief history of 

the City’s longstanding issues related to combined sewer overflows, a profile of the 

existing stormwater infrastructure, and the current planning initiatives that promote the 

implementation of green infrastructure.   

2.1 Combined sewers vs. separate: How did we get here? 

Water and sewer have long been used within the same engineering purview, but in 

the 19th century, while hundreds of cities across the US were busy planning and 

constructing water systems, not one was simultaneously planning a sewer system (Tarr 

1979). Adequate water supply has been a facet of municipal infrastructure since the 

beginning of cities themselves, but when piped water became commonplace for individual 

residences, the familiar logic of “what comes in must go out” was overlooked. In fact, the 

first method of discharging waste hardly utilized pipes at all, and instead was comprised of 

a decentralized network of privy vault-cesspools. The elementary design consisted of a 

stone-lined hole in the ground that facilitated absorption of waste into the underlying soil. 

When a vault reached capacity, it was covered with dirt, abandoned, and replaced with a 

new vault nearby. Contamination was rampant, caused either by the infiltration of waste 
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into groundwater, or from heavy rains that directed overflows to nearby gutters and 

ultimately, drinking water supplies.  

Eventually, population growth and increased housing density generated such 

immense volumes of raw sewage that the privy vault-cesspool method went from a general 

nuisance to a public health hazard (Tarr 1979). By the mid-nineteenth century, city leaders 

began to recognize the benefits a well-planned network of sewers would provide. Not only 

would sewers offset the cost of maintaining the privy vault-cesspool system but improved 

sanitary conditions would decrease mortality rates and attract a larger share of population 

and industry growth than slower-adapting cities. The sanitation issue was compounded by 

the presence of unpaved streets, which resulted in poor drainage conditions and saturated 

soil laden with contaminants (Schultz and McShane 1978). Thus, cities were dealing with 

two issues at once – wastewater and stormwater. Rather conveniently, there was one 

solution – sewers.   

From 1860 to 1890, major cities across the US underwent massive public 

infrastructure transformations due to the addition of sewers and paved roadways. The 

decision regarding whether sewers should be constructed as separate systems – wastewater 

in one pipe and stormwater in the other – versus combined systems was dictated by three 

main factors: there was a lack of European or American precedent for a successful separate 

system, a reluctancy from engineers to experiment with large capital works, and the reality 

that combined sewer systems were more economical than separate systems (Tarr 1979). 

Colonel George E. Waring Jr, a prominent sanitarian, was the first to promote separate 

sewer systems in the United States by arguing that human waste needed to be removed 

expeditiously to eliminate the formation of sewer gas that could become toxic and 
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exacerbate unsanitary conditions (Tarr 1979).  In 1879, Waring designed a sanitary-only 

sewer system for the city of Memphis, TN, which had been ravaged by yellow fever - a 

common side-effect of unsanitary conditions. Although there were essentially no 

provisions for the removal of stormwater, Waring’s sanitary-only design proved successful 

in two ways; it greatly reduced the unsanitary conditions that had caused over 5,000 deaths 

in the two years prior and it had done so at a cost that was comparable to combined systems 

(Tarr 1979).  

In 1881, a report submitted to the National Board of Health by sanitary engineer 

Rudolph Hering would provide the final say on which design was superior. Hering 

concluded that neither design was more sanitary than the other, and instead, the choice 

should be made using a rational planning method that weighed factors such as cost of 

construction, maintenance, and the overall needs of the local area. In general, combined 

sewers were more suitable for larger, more developed cities that had pressing needs to 

address both wastewater removal and street drainage via underground removal, while 

separate sewers were more fitting for smaller cities where household waste was the primary 

concern (Tarr 1979). Hering’s report became so widely accepted by engineers that by 1909 

constructed miles of combined sewers outnumbered sanitary-only sewers by a ratio of 7:1 

in cities with over 100,000 inhabitants (Tarr 1979).  

While Hering’s conclusion that the conveyance of sewage within combined versus 

separate pipes did not differ in terms of sanitation was generally correct, he grossly 

overlooked the condition that would be created at the ultimate outlet of each system. The 

underlying theory at the time was that sewers could safely dispose of any amount of sewage 

in nearby waterways because running water had the ability to purify itself. However, at the 
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turn of the 19th century, communities who found themselves downstream from cities with 

large combined sewer systems experienced yet another round of waterborne diseases (Tarr 

et al. 1984). On the other hand, the lack of dilution in separate systems led to the 

construction of sewage treatment plants, and cities that had constructed separate systems 

did not experience the same widespread sanitation issues.  Thus, the dilution theory was 

replaced with the notion that water could easily become contaminated if overwhelmed by 

large influxes of sewage, especially when left untreated. While it was too late for developed 

cities to separate their entire combined sewer system, many began construction of large 

sewer treatment plants at major discharge points to thwart the ongoing sanitation issue.  

The combined sewer systems and their associated treatment plants that were 

constructed around the turn of the century largely make up the backbone of today’s 

infrastructure in most older cities.  As cities continued to grow and develop, so did the 

square footage of impervious surfaces. Increasing amounts of pavement resulted in more 

runoff, which in turn required additional capacity from the combined sewer systems. The 

most economical solution to provide additional capacity was to construct large-diameter 

pipes, or combined sewer overflows (CSOs), and connect them to the existing sewer 

system. CSOs are designed to capture and store excess runoff until it can be treated at the 

wastewater treatment plant (although some solely serve the purpose of conveyance during 

an overflow) and immediately release runoff into nearby streams and rivers (Moffa 1997). 

In the last half of the 20th century, CSOs have experienced their own share of capacity 

issues during rain events with high intensity or prolonged duration, a trend that is expected 

to increase due to climate change and ongoing development.  
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The development of policy related to water quality and stormwater discharge has 

followed a similar timeline to that of sewer systems and CSOs. The Federal Water Pollution 

Control Amendments of 1972, commonly known as the Clean Water Act (CWA), was the 

first policy to establish a baseline framework that addressed and enforced acceptable water 

quality on a national level (Flatt 1997). Previously, policy had been left up to the individual 

state, but environmental issues tend to follow a concept known as “the race to the bottom”, 

where states value short-term economic success over long-term well-being of a 

community, and therefore do not enforce regulations that properly protect human health 

and safety (Flatt 1997). The goal of the CWA was to make waters of the US “swimmable 

and fishable” through the regulation of point source pollution – or pollution that was being 

discharged by a known entity at a specific location. Industrial pollution and urban 

populations were the two prime targets of the CWA, as both were experiencing substantial 

growth, yet remained heavily unregulated. For urban populations, this meant the regulation 

of publicly owned sewage treatment plants and CSO facilities (Moffa 1997).  

The primary mechanism by which the CWA aimed to regulate treatment plants and 

CSOs was through the National Pollutant Discharge Elimination System (NPDES). The 

NPDES permitting system shifted the responsibility of testing and monitoring to the 

discharger, who then had the responsibility of reporting violations directly back to the 

appropriate state agency or the EPA. Addressing pollution at the individual permit level 

allowed several things to happen. First, it allowed treatment plants to develop and monitor 

their own programs based on EPA standards, which meant they could tailor their permit 

conditions to the treatment technology that was available. Second, any permit holders that 

were not in compliance were held liable, meaning the EPA could bring a civil action in 
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federal court and administer fines directly to the discharger. The goals of the NPDES were 

to establish a working relationship between the EPA at the federal level and environmental 

organizations at the state level (Flatt 1997). Permits were initially issued for a five-year 

period and renewed thereafter. This permitting system still serves as the main mechanism 

for compliance and enforcement for treatment plants and CSO facilities.  

In addition to the NPDES, the EPA also published a National CSO Control Strategy 

in 1994 to specifically address pollution caused by permit holders that operate CSOs. There 

are three main objectives of the policy; prevent dry weather CSOs, facilitate CWA 

compliance of all wet weather CSOs, and minimize CSO impact on water quality, human 

health, and the environment (Sader 1994). Although the CWA also states these objectives, 

the goal of the CSO Control Strategy is to provide additional flexibility in the compliance 

process by considering the most cost-effective solution, which may still result in violations, 

albeit less frequently (Sader 1994). The policy goes on to define a set of minimum controls 

for CSO permittees which have since been included into NPDES permit stipulations. The 

last component of the policy is guidance for long-term CSO planning that provides a 

framework for bringing all facilities into compliance of the CWA (Sader 1994). Even 

though cities have continually worked to update their sewer facilities to meet the conditions 

of their NPDES permits and CWA water quality standards, the timeline to achieve 

compliance remains unclear. The issue of compliance has been further complicated by 

continued population growth, changing climactic conditions, and the massive capital 

required to implement new controls. Meeting the water quality standards put forth by the 

CWA has been one of the most significant challenges for public works operators since the 
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Act’s inception in 1972, and although additional policies have worked to address pollution 

caused by CSOs and water treatment plants, compliance continues to be an ongoing battle.  

As of 2005, it is estimated that 40 million people in 32 states live in cities that 

continue to utilize combined sewer systems (EHP, 2005).  CSOs, which supplement nearly 

every combined sewer system, produce an estimated 850 billion gallons of untreated 

wastewater that flows into US waterways annually (EHP, 2005). Although combined sewer 

systems have received continual upgrades since their conception, CSO events and local 

flooding are recurring issues for most US cities. Limited municipal budgets compound the 

issue and create a tug-of-war between infrastructure investments, leaving cities with no 

other option than to fix what is necessary and defer all other maintenance until a later date. 

Cities have been left with hefty price tags for sewer system improvements that still do not 

ensure compliance with policy that was established over 50 years ago, yet at this point, 

there is no other option than to leave the combined system in place, and in many cases, 

expand upon it. However, history has shown that there are few instances in which there is 

a pipe big enough to appropriately store and treat the increasing amount of stormwater in 

a drainage network. Rather than repeat the past, engineers and public works operators have 

been tasked with finding alternative solutions that are flexible in the long-term and less 

capital-intensive in the short term. One of the leading solutions has started to gain steam in 

the slow-moving profession of civil engineering: green stormwater infrastructure.  
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2.2 Green Stormwater Infrastructure: A solution to sewer separation? 

Green stormwater infrastructure (GSI) is defined extensively throughout existing 

literature, but a concise description is eloquently worded by Finewood (2016) as 

“infrastructure designed to control water at the source (as opposed to sending it into the 

sewer system) by utilizing scaled systems that mimic ecological processes.” (1001). Put 

simply, GSI utilizes soil and vegetation, rather than hard pipe, to accomplish two goals of 

stormwater management: reduced runoff quantity and improved water quality. When 

runoff percolates through vegetation and soil, some (or all) of the stormwater is retained 

and the volume of discharge is reduced. This process also decreases the rate at which 

stormwater is discharged, freeing up much-needed capacity within the network during a 

rain event. Lastly, as runoff moves through the GSI facility, the soil and vegetation act as 

a filter, removing harmful contaminants from the stormwater, which in turn, improves the 

overall quality of water that is discharged.  

There are a myriad of other terms that are often used in conjunction with GSI, such 

as stormwater control measures (SCMs) that refer to both green and gray infrastructure, or 

best management practices (BMPs). BMPs, as defined by Bell et al. (2019), refer to a subset 

of infrastructure that are installed in developed areas with the purpose of “retaining, 

reducing, or improving the quality of stormwater runoff.” (3).  Emerging literature cautions 

against the exact classification of SCMs because the solution for any given scenario often 

contains a combination of both green and gray infrastructure technologies. Rather than 

strict definitions, SCMs exist on a “gray - green stormwater infrastructure continuum” (1) 

that weighs factors such as construction materials, drainage area, and dominant 

hydrological and water quality processes as shown in Figure 1 (Bell et al. 2019).  
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Figure 1 – The gray-green infrastructure continuum 
(Bell et al. 2019) 

 

The classification of GSI is further complicated by the wide variety of naming 

conventions that are employed across the United States. For example, stormwater planters 

may also be referred to as rain gardens, or bioswales as vegetated swales. Moreover, two 

stormwater planters installed at separate locations within the same city may utilize different 

technologies – one relying on infiltration, while the other utilizes detention. Table 1 

provides baseline descriptions for all GSI solutions that will be discussed throughout this 

paper. To ensure consistent terminology, the green infrastructure types are aligned with 
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local and regional resources, including the 2016 edition of the Georgia Stormwater 

Management Manual, or “The Blue Book”, The City of Atlanta Department of Watershed 

Management, and The Atlanta Regional Commission. It should be noted that the list of 

GSI devices is not exhaustive, and only includes solutions that are suitable for use within 

the public ROW, which most often consists of roadways, sidewalks, and linear landscaped 

areas. More details on each solution are provided in Chapter 4. 
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Table 1 – Green infrastructure definitions 
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The advent of GSI into mainstream civil engineering practice is a relatively recent 

advance, and until recently, projects have predominately been proposed within new or 

existing green areas and private development. In the past ten years the attention has shifted 

to the public realm, more specifically, the roadways and vast expanses of pavement that 

now make up many urban cores. The integration of GSI into linear roadway projects, or 

“green street” design, is an emerging concept within civil engineering that takes a more 

holistic planning and design approach than conventional roadway or stormwater projects. 

Peters et al. (2008) claims that green streets can do more than just manage stormwater, as 

they also have the potential to enhance mobility, improve social spaces, and promote 

biodiversity.  

One of the first successful green street programs was initiated in 1999 by Seattle 

Public Utilities’ (SPU) where the ultimate goal was to reduce stormwater runoff into the 

Puget Sound through the use of natural drainage systems (Tackett 2008). SPU initially 

completed five pilot projects that ranged in scale from block-level to neighborhood-wide 

where they employed a variety of GSI techniques to improve water quality and reduce 

runoff quantity. SPUs’ High Point project utilizes a combination of bioretention, 

conveyance swales, pervious pavement, rain gardens, and tree preservation, and is deemed 

one of the largest urban applications of green streets in the US (Tackett 2008). The project 

achieves several goals, including better management of local flooding, improved water 

quality, decreased stormwater flow rates, and reduced stormwater discharge volume. 

Tacket (2008) also mentions co-benefits of the project, including increased pedestrian 

safety and enhanced aesthetics. Seattle’s natural drainage systems program also 

highlighted the importance of interdepartmental coordination through the bridging of 
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design standards created by SPU and the Seattle Department of Transportation (Tackett 

2008). The standards provided the foundation for all five project designs, and more 

importantly, achieved common goals from multiple departments.  

 While Seattle provided one of the earliest examples of a green streets program, 

other cities throughout the US have also initiated programs to incorporate GSI into linear 

construction. Los Angeles, a city with over 6,500 miles of streets and 10,000 miles of 

sidewalk, has focused on implementation of smaller projects over a broad scale (Susilo and 

Abe 2010). In addition to conventional benefits, the city experienced a plethora of co-

benefits, such as renewed community pride and positive public perception of urban areas, 

both of which have contributed to economic activity and growth. Although the results in 

Los Angeles have been generally positive, Susilo and Abe (2010) highlight several lessons 

learned in that can inform future applications. For example, engineering constraints, 

including poor infiltration capacity, polluted soils, the need for overflow systems, and 

extensive maintenance, are commonly cited issues in Los Angeles. Such issues will likely 

exist for any urban application throughout the US, and thus should be anticipated for future 

green street projects. Project activities such as soil testing, site-sensitive engineering 

design, thoughtful plant selection, and ongoing monitoring all work to maximize the 

potential of green street applications.  

Portland, OR, a longtime frontrunner in GSI applications, provides one of the best 

examples of a programmatic approach to green streets through the development of their 

“Green Street Toolbox” (City of Portland 2020). The Green Street Toolbox was introduced 

in 2005 as a cross-bureau effort between Portland’s Bureau of Environmental Services, the 

Portland DOT, and the Department of City Planning, and has been utilized for over 500 
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green street facilities across the city (City of Portland 2020). The toolbox offers a variety 

of design solutions that reflect the myriad of existing conditions that are often found in 

urban environments. The least complex design is the “simple green street”, which utilizes 

a trapezoidal-shaped, longitudinal planter placed between the existing curb and sidewalk. 

The toolbox also includes other standard details for check dams, curb extensions, vegetated 

planters, inlet design, and rain gardens (Elkin 2008). Each detail is accompanied by 

minimum depths, standard dimensions, estimated construction cost, and a list of 

considerations for implementation, such as how to maintain bicycle or on-street parking 

facilities, or what solutions work best for streets with high traffic volumes or steep grades. 

The city stresses the importance of “understanding the difference between cost, benefits, 

function, and aesthetic” (2) for every application to maximize the benefits of green streets, 

and the inherent flexibility of the toolbox allows greater opportunity for widespread 

implementation. Portland also cites both direct and indirect benefits that have arisen from 

their green street projects. Direct benefits include environmental improvements such as 

recharge of groundwater, rehabilitation of soils, and filtering of pollutants, while indirect 

benefits consist of socioeconomic improvements like general neighborhood beautification 

and increased property values (Elkin 2008).  

Although green streets are a relatively new concept within GSI, the practice has been 

around for nearly two decades and has proven itself to be one of the most economical 

solutions to mitigating CSO impacts through the reduction of stormwater runoff and 

filtration of harmful pollutants. The holistic planning and design approach that green streets 

utilize has created positive environmental and social externalities that have contributed to 

widespread acceptance of the use and purpose of GSI within the ROW. Ongoing 
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interdepartmental cooperation was also a common theme amongst every successful green 

street program, highlighting the ubiquity of common goals that already exist between 

departments, and stressing the importance of city departments working together to strike 

the right balance between engineering, economics, and the environment.  

Resources for green street policy, construction, and maintenance have been made 

increasingly available thanks to public entities like SPO and the City of Portland, but a lack 

of technical planning guidance has created a disconnect between the establishment of green 

infrastructure policies and the execution of projects. This research seeks to bridge this gap 

by providing a data-driven planning process that uses an inventory of existing conditions 

to prescribe multiple design scenarios in which GSI can be integrated into roadway 

reconstruction projects. Executing this analysis throughout a combined sewer service area 

before a programmatic green streets policy is established helps illustrate the physical 

feasibility of a policy and informs the necessary performance standards for GSI. The 

methodology used in this research equips engineers and designers with a framework to 

determine the types of GSI that should be considered for a particular project, as well as the 

roadway modifications necessary to achieve the required performance standards. 

Complementary policy and design lay the foundation for a successful green street program 

and the Green Street Toolkit aims to bridge the technical information gap that currently 

exists.  
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CHAPTER 3. METHODOLOGY 

This section presents a methodology to be utilized by a public entity to reduce CSO 

dependency in the interim and move towards sewer separation long-term using a GSI. The 

methodology is in the form of a Green Street Toolkit that can be applied systematically to 

linear construction projects. First, an existing conditions assessment is performed to define 

characteristics of the roadways within the combined sewer area. Physical characteristics 

such as roadway width, number of lanes, and type of lanes (e.g., driving versus parking) 

are gathered for each segment to determine the space available for GSI in the ROW under 

several reconstruction scenarios. Next, stormwater calculations are performed for each 

segment for three design storms to assess the volume of runoff that must be captured using 

GSI. After existing conditions are assessed and runoff calculations are performed, a suite 

of appropriate GSI solutions and associated reconstruction scenario is determined through 

an iterative process.  

The Toolkit maximizes project feasibility by providing a ranking of GSI solutions for 

a given segment that range from the most preferred solution to the least. Rankings will be 

dictated by criteria such as storage capacity, construction cost, maintenance frequency, and 

other ancillary benefits or co-benefits. The Toolkit provides a foundation for a green street 

design approach but will function best if periodically updated by the local jurisdiction to 

incorporate planning, construction, and maintenance data from completed GSI projects.  

The methodology presented in this section is intended to be a process undertaken at the 

planning-level of a project. Once potential projects are identified, additional steps such as 

detailed planning (i.e., land acquisition, financing, etc.), engineering design, and 
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maintenance scheduling must be carried out by the project team. While the Toolkit 

provides a crucial first step in reducing combined sewer dependency by eliminating runoff 

from the ROW, future work to separate the system will be required. More information on 

ultimate separation can be found in Section 4.6.3.  

3.1 Existing Conditions Assessment  

The existing conditions assessment provides a detailed snapshot of roadway 

characteristics present within the study area. Figure 2, below, provides a general overview 

of the process for performing the assessment and lists the information that should be 

retrieved during each step of the process. Most of the data required for this analysis is 

public information and can be retrieved by the local governing jurisdiction. In many cases, 

city ROW data is publicly available online. Free mapping software, such as Google Earth, 

can also be used to acquire much of the data if it is not readily available from the 

jurisdiction. Once data is retrieved, it is recommended that a geographical information 

software (GIS) is used to compile the information in a geographic database to aid in the 

analysis outlined later in this section.  The following subsections discuss each step of the 

existing conditions assessment in detail and the specific data that is required within each 

part of the process.  
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Figure 2 – Existing conditions assessment process  

 

3.1.1 Define Study Area 

The first step in the existing conditions analysis is to define the study area. The 

boundaries of the study area coincide with the boundaries of the combined sewer area 

(CSA). The CSA includes any land where stormwater is discharged into the combined 

sewer system (CSS) for collection and treatment. Since this analysis is concerned with the 

application of green stormwater infrastructure (GSI) for roadways, information regarding 

public rights-of-way, specifically those that include roadways, should also be incorporated. 

Interstates and major freeways should be removed from the dataset because these roadway 

types have significantly different standards regarding drainage, so many of the stormwater 

control measures proposed in this analysis would not be appropriate for such applications. 

The study area is then defined as any public ROW that contains a surface roadway and 

coincides with the CSA.  
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3.1.2 Incorporate Right-of-Way Information   

After the study area is defined, ROW characteristics are incorporated into the 

dataset, including geometry, functional roadway classification, and ownership. Continuous 

stretches of ROW are broken into smaller segments to make runoff and design calculations 

more manageable. Ideally, segments should correspond with local drainage areas, meaning 

each segment represents an area that drains to a single point within the CSA – usually a 

drainage structure. In this analysis, drainage areas are unknown, so segments are broken 

into 500-foot lengths within the study area.  

Next, geometric variables associated with each ROW segment are incorporated into 

the dataset. Variables include segment length, ROW width, roadway width, number of 

lanes, and type of lanes (i.e., driving, parking, or cycling). While this is not an exhaustive 

list of geometric characteristics, these variables represent the required criteria for this 

analysis. The functional classification of the roadway within each ROW segment is also 

incorporated. This analysis utilizes the functional classification system defined by the 

Federal Highway Administration (FHWA), which uses a set of criteria to determine the 

type of service a roadway provides. Examples of FHWA functional classification criteria 

include physical aspects of the road (e.g. lane width), speed limits, daily usage, and number 

of access points (FHWA 2000). In this analysis, functional classifications fall into one of 

three categories: arterial, collector, or local, and will be used to determine which types of 

GSI are appropriate for a given segment.  

 Roadway jurisdiction, or ownership, is the final piece of information that must be 

associated with each ROW segment. In urban scenarios, roadway ownership is likely to 



 25

fall under a variety of jurisdictions, such as local (city, town, etc.), county, or state. 

Roadway jurisdiction governs almost every aspect of project compliance, including permit 

requirements, design standards, and construction specifications. Ideally, all jurisdictions 

will come to an agreement on the standards and specifications that will be used for GSI to 

ensure continuity across a single urban area. Moreover, many cities may have roadways 

that fall under one jurisdiction, while the underlying utilities fall under another. Thus, not 

only should standards for GSI surface treatments be coordinate, or at least complementary, 

but some level of cooperation will be required where ownership differs above-ground 

versus below-ground. Since GSI is a relatively new subset of civil engineering, city 

agencies typically allow more flexibility in design requirements. Oftentimes, agencies 

allow slight variation or exemption from design elements if the proper due diligence was 

performed during the planning and design stages.   

3.1.3 Gather Supplementary Data  

In addition to the quantitative data gathered in the previous section, there are several 

pieces of qualitative data that may prove useful when proposing GSI throughout large 

urban areas. Zoning, neighborhood boundaries, and local GSI requirements should be 

associated with each ROW segment when available. This information promotes context-

oriented designs that consider the desired character of an area in addition to its physical 

attributes. Boundaries for zoning and neighborhoods are typically found within a city’s 

comprehensive plan and may be published in GIS format by the local planning department. 

Zoning classifications typically dictate some qualitative aspects of a project, such as 

minimum sidewalk widths or landscape buffers, but they also define the principle use of 

an area (e.g., residential, commercial, industrial). Knowledge of existing and proposed 
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zoning classifications can lead to more site-specific GSI applications. For example, a 

residential area might be more appropriate for “greener” GSI that contains abundant 

vegetation and offers aesthetic enhancements, whereas an industrial area might be better 

suited for “grayer” GSI that requires less maintenance and has a longer design life.  

While zoning classifications provide a microscopic description of an area, 

neighborhood boundaries describe the area on a broader scale. Neighborhood boundaries 

outline the existing and desired character of each segment in the context of the surrounding 

area. For example, streets in dense commercial areas like midtown or downtown may 

require additional sidewalk space or roadway capacity, which would require a different 

suite of proposed GSI relative to a neighborhood that primarily contains residential streets. 

Grouping segments by neighborhood also allows for GSI planning on a larger level, which 

may be necessary for streets that lack capacity to capture runoff from larger storms within 

their individual segment limits. Furthermore, neighborhood character is less likely to 

change overtime, which is a departure from zoning classifications that may change 

frequently. Long-term green street projects will be most successful if using qualitative data 

such as zoning classifications and neighborhood boundaries to appropriately match GSI to 

each ROW segment.  

3.2 Runoff Calculations  

Once the dataset is complete, total runoff is calculated to determine the quantity of 

water that must be captured and treated through GSI. Three sets of calculations are 

performed per segment, and each calculation assesses a varied degree of storm scenarios. 

The first scenario calculates the water quality volume defined by Volume 2 of the 2016 
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Georgia Stormwater Management Manual (GSMM), which equates to the first 1.2” of 

rainfall that falls on a site (Atlanta Regional Commission 2016). The second storm scenario 

represents the runoff generated from a 25-year storm; a common flood control volume 

associated with many state design standards (US EPA 2011). The third scenario models 

the runoff generated from a 100-year storm. It is important to note that only roadway 

runoff, not sidewalk runoff, is accounted for due to a lack of data regarding sidewalk area. 

Although this is not ideal, the area of the adjacent sidewalk is negligible compared to the 

area of the roadway when assessing contributing drainage area.  

3.2.1 Water Quality Treatment Volume Scenario 

The base scenario examines the runoff and required storage for a rainfall depth of 

1.2”, which represents approximately 85% of storms that occur throughout Georgia each 

year (Atlanta Regional Commission 2016). The water quality treatment volume (WQv) is 

GSMM’s minimum recommended requirement for stormwater runoff capture and is 

intended to capture smaller, more frequent storms. While the volume reduction from 

capturing the first 1.2” of runoff is significant, the main goal of capturing and treating the 

WQv is to improve local water quality by reducing the number of pollutants entering local 

waterways after a storm.  The value of 1.2” is the average rainfall that occurs throughout 

Georgia for an 85th percentile storm event, and this depth still slightly exceeds local 

stormwater management requirements. The City of Atlanta stormwater management 

ordinance requires all new development (not including roadways) to capture and treat the 

first 1.0” of rainfall that falls on a site using GSI (City of Atlanta 2020). However, the 

GSMM merely suggests using better site practices to capture the WQv, which can include 

conventional stormwater mitigation practices under the gray infrastructure umbrella. 
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Therefore, this scenario represents a conservative combination of two local requirements: 

GSMM’s requirement that the first 1.2” of runoff is captured on a new development, and 

City of Atlanta’s requirement of using GSI as the primary stormwater mitigation method.  

The GSMM’s equation for WQv is:   

𝑊𝑄 =
1.2𝑅 𝐴

12
 (1) 

where: 
𝑊𝑄  = water quality volume (CF) 
𝑅  = 0.05+ 0.009(I) where I equals percent impervious cover 
𝐴 = site area (SF)  
 

When applying this equation to a paved roadway, I is equal to 100, meaning 100% 

of the study area is assumed to be impervious. The square footage of each segment’s area 

(A) is calculated by multiplying the length of a given segment by the roadway width of that 

segment. The calculation is applied to every segment within the scope area, resulting in 

segment-specific runoff volumes per the ROW characteristics gathered in the existing 

conditions assessment. This calculation is carried out in the next section for the Atlanta 

case study. 

3.2.2 25-Year, 24-Hour Storm Scenario  

The second scenario examines the runoff volume generated by a 25-year, 24-hour 

storm event, or a storm that has a four percent (4%) likelihood of occurring within any 

given year. The runoff calculations performed for this storm follow the Soil Conservation 

Service NRCS TR-55 hydrologic method. All equations presented in this section were 

retrieved from Part 630 of the National Engineering Handbook (NRCS 2004). Designing 
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for the 25-year storm is a common standard for communities across the US and a stated 

goal of the City of Atlanta Department of Watershed Management for GSI (Rutherford 

2020). The second scenario is intended to provide an intermediate example of the effort 

required to provide GSI that can capture and treat larger storms while maintaining a 

reasonable level of physical feasibility.  

The NRCS TR-55 method is generally recommended for sites that are smaller than 

2000 acres and is primarily used for estimating peak flows and hydrographs for design 

applications (Atlanta Regional Commission 2016) . Since this planning-level analysis is 

performed over a large area with several unknowns, only the direct runoff for each segment 

is calculated for the pre-development condition. In a true design scenario, additional 

calculations would need to be performed for each individual segment to determine peak 

inflow rates and allowable discharge, which would ultimately dictate the design of each 

individual SCM.  The calculations performed represent the pre-development condition 

only (i.e., the existing conditions), resulting in a more conservative runoff volume that must 

be stored by GSI. In a typical project, the post-development condition usually generates 

more runoff than the pre-development condition due to the addition of impervious surfaces 

(e.g., new sidewalks or buildings). The green streets projects proposed in this research, 

however, either maintain or decrease impervious area from the pre-development to post-

development condition. Therefore, in contrast to a typical project, the pre-development 

condition yields the most conservative estimate for runoff volume. The steps for 

calculations are outlined below:  
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3.2.2.1 Step 1: Determine the amount of rainfall (P) generated by the 25-Year, 24-Hour 
storm event 

Accumulated rainfall (P) is retrieved from rainfall intensity tables which are 

typically published by a state’s environmental agency. If no such tables exist, the National 

Oceanic and Atmospheric Administration also publishes this data, albeit with slightly 

different intensity values since rainfall is dependent on agency-specific rain gauge 

locations. In this analysis, rainfall data was retrieved from the Georgia Environmental 

Protection Division. For a 25-year, 24-hour storm, rainfall intensity (i) in inches per hour 

is retrieved from the appropriate table, then P is calculated using the following equation:  

𝑃 = 𝑖
𝑖𝑛

ℎ𝑟
𝑥 24 ℎ𝑟𝑠 (2) 

 

3.2.2.2 Step 2: Determine the runoff curve number (CN) for the development site (Pre-
Development Condition)  

The runoff curve number (CN) represents the potential runoff of a specified area 

(Atlanta Regional Commission 2016). A high runoff curve number indicates an area has 

more runoff potential and is more impervious, whereas a low number indicates an area has 

less runoff potential. Typically, runoff curve numbers vary depending on the permeability 

of the underlying soil, but in the case of paved roadways, the CN is 98, regardless of soil 

type (Appendix B). Therefore;  

𝐶𝑁 = 98 
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3.2.2.3 Step 3: Determine the initial abstraction (𝐼 ) and compute stormwater runoff 
volume (Q) for the 25-Year, 24-Hour storm (Pre-Development Condition) 

The TR-55 rainfall-runoff equation relates rainfall (P) calculated in Step 1 to 

runoff (Q) and is used for 24-hour storm calculations. The equation is as follows: 

𝑄 =
(𝑃 − 𝐼 )

(𝑃 − 𝐼 ) + 𝑆 
 (3) 

where: 
𝑃  = accumulated rainfall (in) per Step 1 calculations 
𝐼  = initial abstraction. The initial abstraction accounts of initial losses of runoff 
due to processes such as evaporation or infiltration.  
𝑆 = potential maximum soil retention (in). S is calculated using the curve number 
(CN) found in step 2, and is also empirically related to Ia.  

𝑆 =
1000

𝐶𝑁
− 10 (4) 

Then,  

𝐼 = 0.2𝑆 

 

(5) 

Finally, the rainfall-runoff equation can be simplified in terms of only P and S by 

substituting 0.2S for Ia in eq. (3), and then becomes: 

𝑄 =
(𝑃 − 0.2𝑆)

𝑃 + 0.8𝑆
 (6) 

The resulting value, Q, represents the quantity of runoff that is accumulated from 

the storm event.  
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3.2.2.4 Step 4: Determine time of concentration (Tc) for the development site (pre-
development conditions)  

The time of concentration represents the travel time for runoff in the most remote 

part of each drainage area to reach the proposed GSI (Atlanta Regional Commission 

2016). Typically, urban areas translate to shorter times of concentration because drainage 

areas are smaller and contain a high percentage of impervious surfaces. To calculate Tc, 

two types of flow must be accounted for. First, sheet flow, represented by eq. (7), is used 

to calculate the travel time of cross slope runoff, or runoff that drains from the center of 

the roadway to the gutter. For simplicity, sheet flow was assumed to occur in the same 

direction over the entire width of the roadway (Figure 3).   

𝑇 =
0.42(𝑛𝐿) .

60(𝑃 ) . (𝑆) .
 (7) 

where: 
𝑇  = travel time (hr) 
𝑛 = manning roughness coefficient 
𝐿 = flow length (ft) 
𝑆 = land slope (ft/ft) 
𝑃  = 2-year, 24-hour rainfall (in) as calculated below 

 
 

For concrete and asphalt roadways, n = 0.11 (Appendix B). Flow length (L) is the 

measured width of each roadway segment. P2 is retrieved by multiplying the intensity (i) 

of a 2-year, 24-hour storm, by 24 hours:  

𝑃 = 𝑖
𝑖𝑛

ℎ𝑟
𝑥 24 ℎ𝑟𝑠 

After runoff reaches the gutter, it is assumed that the type of flow changes from 

sheet flow to shallow concentrated flow, per Figure 3.  
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Figure 3 – Sheet flow versus shallow concentrated flow for travel time calculations 

 

A separate equation is given to calculate Tc for shallow concentrated flow 

(Atlanta Regional Commission 2016): 

𝑇 =
𝐿

3600𝑉
 (8) 

where: 
𝑇  = travel time (hr) 
𝐿 = flow length (ft), corresponding to the length of each segment 
𝑉 = average velocity (ft/s) per eq. (9) below  
60 = conversion factor from seconds to minutes  
 

For paved areas, average velocity (V) can be calculated as follows: 

𝑉 = 20.33(𝑆) .  (9) 

where: 
𝑉 = average velocity (ft/s) 
𝑆 = slope of hydraulic grade line (watercourse slope, ft/ft) 
 

The total time of concentration for each segment is then calculated by adding the 

two travel times.  
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3.2.2.5 Step 5: Compute peak discharge (𝑄 ) for the pre-development condition  

The pre-development peak discharge will ultimately determine the ratio of pre-

development to post-development discharge, which is used to determine the required 

storage volume. To calculate the peak discharge, the following equation is used: 

𝑄 = 𝑞 𝐴𝑄𝐹  (10) 

where: 
𝑄  = peak discharge (cfs) 
𝑞  = unit peak discharge (cfs/mi2/in) 
𝑄 = runoff (in) per calculations in Step 3 
𝐴= area (mi2) 
𝐹 = pond and swamp adjustment factor  
 

First, the unit peak discharge (𝑞 ) is retrieved using Figures 4 and 5. Since this 

analysis focuses on the Atlanta region, Figure 5 represents a Type II rainfall distribution.  
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Figure 4 – Approximate geographic boundaries for NRCS TR-55 rainfall 
distribution 

(GSMM Vol 2, 2016) 
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Figure 5 – NRCS TR-55 Type II unit peak discharge graph  
(GSMM Vol 2, 2016) 
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The Unit Peak Discharge Graph first requires the division of two known values: 𝐼  

and P. If   does not align precisely with the values of the graph, the limiting line should 

be used.  Area (𝐴) is the segment area in square miles and runoff (𝑄) was calculated in Step 

3. The pond adjustment factor (𝐹 ) is retrieved from Table 2. Since the study area consists 

only of roadways and their immediate adjacent area, it is assumed Fp = 1. With each 

variable defined, the peak discharge (𝑄 ) can be calculated for each segment.  

 

Table 2 – Pond and swamp adjustment factors (GSMM Vol 2, 2016) 

 

 

3.2.2.6 Step 6: Determine the ratio of peak outflow to peak inflow ( )  

The ratio  is needed to determine the storage volume for the 25-year, 24-hour 

storm. Given the peak unit discharge calculated in the previous step, and a known 

detention time (T), which in this case will be 24-hours, Figure 6 can be used to determine 

.  
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Figure 6 – Detention time vs. discharge ratios  
(GSMM Vol 2, 2016) 

 

 

3.2.2.7 Step 7: Calculate the Ratio of Required Storage Volume to Stormwater Runoff 

Volume, ( )  

The ratio of required storage volume to stormwater runoff volume is given by eq. 

(11).  
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𝑉

𝑉
= 0.672 − 1.43

𝑞

𝑞
+ 1.64

𝑞

𝑞
− 0.804

𝑞

𝑞
 (11) 

where: 
𝑉  = required storage volume (acre-feet) 
𝑉  = runoff volume (acre-feet) 
𝑄 = runoff (in) per Step 3 

 = ratio of outflow to inflow per Step 6 

 

3.2.2.8 Step 8: Determine the required storage volume, (Vs)  

The final step requires calculation of the required storage volume (Vs) to be 

captured by GSI. Vs is calculated using the TR-55 equation for a Type II storm:  

𝑉 =

𝑉
𝑉

𝑄 𝐴

12
 

(12) 

where: 

 = ratio of required storage volume to required runoff volume per Step 7 

𝑄  = pre-development runoff for the design storm (in) per calculations in Step 3 
𝐴 = total drainage area (acres) which corresponds to the area of each segment.  

 

3.2.3 100-Year, 24-Hour Storm Scenario  

The last set of calculations compute the storage volume for runoff associated with 

a 100-year, 24-hour storm (1% chance of occurrence in any given year). Although the 

runoff volume for a storm of this magnitude will likely exceed the available capacity of 

GSI installed in the ROW, this scenario is presented to support the argument of solely 

relying on GSI to capture and treat stormwater during an intense storm event. Capturing 

the 100-year storm with GSI does not inherently mean total separation within the CSA, but 

it is a significant step to reducing combined sewer dependency and eliminating CSO 
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events. Sources of stormwater runoff outside of the ROW, such as roof downspouts or 

private storm drains would need to be addressed before total separation is possible. 

However, roadways make up the overwhelming majority of impervious surfaces and are 

the primary source of runoff within an urban area (Frazer 2005). Moreover, they present 

one of the most perplexing issues in stormwater mitigation because there is limited space 

to store excess runoff within the ROW. Hence, this storm evaluates whether green streets 

can remove all drainage from the ROW without physically separating the infrastructure. 

Even if treated stormwater eventually enters the sewer (i.e., detention rather than retention), 

the rate at which runoff enters the system can be drastically reduced with GSI, which 

enables the sewers to function as intended through even the largest storms. After all 

roadway segments within the CSA are reconstructed, sewers are left to operate primarily 

for sanitary flows and secondarily for stormwater collection.  

The results from this scenario will demonstrate the resources required to construct 

an off-line stormwater system that is capable of handling runoff in a major storm event. 

The process is nearly identical to the 25-year storm calculations, except a different rainfall 

intensity is retrieved in Step 1. Instead of the 25-year, 24-hour intensity, the 100-year, 24-

hour intensity (i) is used. The remaining steps as outlined in the previous section are then 

carried out for the remainder of the 100-year, 24-hour storm calculations. 

3.3 Green Stormwater Infrastructure  

This section provides detailed information for each type of GSI that will be 

considered for green street projects within the scope area. Each segment will be evaluated 

to determine the most appropriate GSI solution(s) based on roadway type, storage needs, 
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construction cost, maintenance burden, and anticipated co-benefits.  Each type of GSI is 

accompanied by a standard detail to calculate available storage volume and construction 

cost. Since the main case study in this analysis focuses on the Atlanta region, all standard 

details have been retrieved from the City of Atlanta Guide for Green Infrastructure 

Stormwater Management Practices for Small Commercial Development. For regions 

outside of the southeastern US, elements such as vegetation type or soil depth may need to 

be modified. Maintenance practices may also be more intensive in colder climates where 

GSI requires winterization.  

Green street projects are likely to encounter a wide array of site-specific challenges, 

so flexibility within standard details and specifications is paramount. For example, 

Portland’s Green Street Notebook contains several details for each type of GSI based off 

lessons learned from past projects (City of Portland 2007). Consistent, yet flexible 

standards promote cost savings because they streamline the construction process and 

anticipate common site issues.  Continuity in green street design projects also enables an 

accurate forecast of the frequency and type of maintenance required to keep GSI 

functioning properly and assists the governing municipality in determining proper 

schedules and cost profiles for routine operations and maintenance activities (Cammarata 

2014).  

The standard details will determine a planning level cost estimate for each type of 

GSI given their materials and design assumptions listed in Appendix A. A relative 

maintenance burden (high, medium, or low) is also assigned to each type of GSI based on 

information from BMP checklists provided by the 2001 Georgia Stormwater Management 

Manual (Atlanta Regional Commission 2001). Some roadway segments will have multiple 



 42

solutions that could be appropriate, but construction cost and maintenance burden will 

largely determine the ideal solution. In addition to construction cost and maintenance 

burden, the ideal solution considers factors such as projected co-benefits and local GSI 

preference. Section 3.4.2 provides a detailed descriptions of GSI criteria included in this 

analysis. The following subsections describe each type of GSI in detail.   

3.3.1 Bioretention 

Bioretention basins, also commonly referred to as rain gardens, consist of a 

combination of vegetation, mulch, and engineered soil (Figure 7) to capture and treat 

stormwater runoff (Davis et al. 2009). Bioretention areas are typically shallow (less than 

four feet), but vary widely in shape and placement, making them a suitable option for a 

large range of applications (US EPA 2021) . In the case of green streets, bioretention basins 

are typically installed in medians or shoulders, as shown in Figure 8. For high-traffic areas, 

basins may be enclosed within a curb. During a storm event, runoff is directed to the basin 

via an opening in the curb, or curb cut, to guide flow into the bioretention area where it is 

treated through infiltration. If no curb exists, drainage is accepted into the basin via sheet 

flow.  

Ideally, runoff collected in a bioretention basin will be captured completely through 

infiltration and retention, but a basin may also serve as a detention system by slowly 

releasing runoff into the nearby storm sewer via underlying drainage structures. Urban 

areas typically have polluted or poorly draining soils, which can be replaced with 

engineered fill to promote higher rates of infiltration. This analysis assumes a constant 

infiltration rate for all sites across the CSA per City of Atlanta stormwater guidelines (City 
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of Atlanta DWM 2014). However, soil testing should be performed onsite to verify the 

infiltration rate prior to design and construction. This analysis also assumes that an 

overflow structure with an outlet to the underlying sewer is provided to prevent flooding 

during extreme storm events and reduce instances of long-term ponding at the basin’s 

surface (Roy-Poirier, Champagne, and Filion 2010). The standard detail in Appendix A 

will serve as the typical bioretention basin proposed in all applications for the remainder 

of this analysis. 

 

 

 

Figure 7 – Typical diagram of a bioretention area and its components 
(Massachusetts Department of Environmental Protection, 2021) 
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Figure 8 – Bioretention placement between curb and sidewalk 
(Ecological Landscape Alliance, 2019) 

 

Bioretention areas offer several advantages in the design of green streets. A careful 

selection of mulch, soil, and plantings can efficiently remove pollutants commonly found 

in roadway drainage, including heavy metals, oil, and grease (Prince George’s County 

2007). Bioretention vegetation also provides co-benefits such as improvement to site 

aesthetics, reduction of noise, and pedestrian protection from sun and wind (Roy-Poirier, 

Champagne, and Filion 2010).   Commonly cited issues with bioretention areas include 

conflict with underlying utilities and increased maintenance due to abundant vegetation 

(Prince George’s County 2007). Furthermore, bioretention basins require placement in 

relatively flat areas (US EPA 2021). Seattle has been able to incorporate steep slopes into 

their designs, however, by making use of a cascading bioretention design that gradually 

steps down over the length of a city block (Seattle Public Utilities 2022). 
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3.3.2 Bioswale 

Bioswales, also commonly referred to as vegetated or enhanced swales, are 

longitudinal bioretention areas used for conveyance and retention of runoff (NACTO 

2013). Bioswales are shallow depressions, usually parabolic or trapezoidal, that utilize 

vegetation and soil to promote infiltration (US EPA 2021). Bioswales are ideal for roadway 

shoulders or rights-of-way that have continuous stretches of land (US EPA 2021). They 

collect and convey water and can easily be used in conjunction with, or as a pretreatment 

mechanism to, other GSI solutions. In the case of a high water table, bioswales are designed 

as “wet” swales, meaning ponding is continuously present (Minnesota Pollution Control 

Agency 2018b). Alternatively, a dry swale only contains ponding after a storm event and 

runoff is ultimately infiltrated or conveyed downstream (i.e. storm sewer or other GSI) 

over time (Minnesota Pollution Control Agency 2018b). For poorly draining soils, dry 

swales contain underdrains to prevent standing water and promote increased rates of 

infiltration.  

Bioswales are a viable option for green streets with limited ROW space. They also 

serve as a low-cost alternative for traditional curb and gutter systems on low volume streets.  

While the layout of a bioswale is relatively flexible, it will function best along long, 

uninterrupted stretches of land, which may be a challenge for sites in urban setting. Because 

bioswales are small and shallow, they may not serve as a stand-alone solution to 

eliminating local flooding caused by excessive runoff (NACTO 2013). Ideally, they should 

be paired with another type of GSI where infiltration is the primary hydrological function. 

Figure 9 shows a roadside application of a bioswale within the ROW. Appendix A contains 
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a standard detail that will be used for all proposed applications in later sections of this 

paper.  

 

 

Figure 9 – Bioswale placement between roadway and sidewalk  
(Mark M. Holeman Inc, 2014) 

 

3.3.3 Stormwater Planter and Curb Extension 

Stormwater planters and curb extensions are similar to bioretention areas in that 

they consist of a shallow excavation that contains engineered soils, mulch and vegetation 

(Charles River Watershed Association 2008). They are typically designed to capture and 

treat runoff from smaller drainage areas and are commonly enclosed within a curb, making 

them a popular choice for urban settings (Figure 10) (US EPA 2021). During a storm event, 

runoff is directed through a drainage structure, or curb cut, and into the planter area where 
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it slowly infiltrates through vegetation and soil media. Although the goal is to achieve 

complete infiltration, underdrains are typically installed to promote drainage after a large 

storm event and reduce prolonged ponding. Stormwater planters may also utilize an 

impermeable liner to protect adjacent structures or, in the case of heavily polluted runoff, 

prevent groundwater contamination (US EPA 2021). Further site analysis must be 

performed to determine whether an impermeable liner is necessary. In this analysis, it is 

assumed that permeable liners are not required.  

 

 

Figure 10 – A stormwater planter with a decorative railing in an urban setting 
(Mississippi Watershed Management Organization, 2021) 

 

Stormwater planters are generally installed in the landscape buffer zone, adjacent 

to the existing roadway. They may also be placed at the back of sidewalk depending on 

site conditions. Curb extensions are installed within the existing roadway footprint, usually 
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at an intersection or mid-block. Figure 11 shows several locations that are commonly 

considered for stormwater planters or curb extensions in relation to the roadway.  

 

 

Figure 11 – Stormwater planter and curb extension placements 
(National Association of City Transportation Officials, 2021) 

 

Stormwater planters and curb extensions are widely applicable in urban settings 

and offer aesthetic enhancements to the streetscape through the addition of vegetation 

(Charles River Watershed Association 2008). Curb extensions also serve as traffic calming 

mechanisms by visually reducing the number of travel lanes, which decreases vehicular 

speed (City of Philadelphia 2016) . When installed at crosswalks, curb extensions improve 

pedestrian safety by increasing a driver’s ability to see pedestrians entering the travel-way 
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(NACTO 2017c). High construction cost is the most commonly cited drawback to 

stormwater planters and curb extensions versus other types of GSI (Cahill, Godwin, and 

Tilt 2018). Increased costs typically stem from structural curb installation, which is 

required in high-traffic urban areas. Maintenance costs vary widely depending on 

vegetation and mulch selection (Cahill, Godwin, and Tilt 2018). Careful consideration of 

site-specific environmental factors and the use of plants native to the region reduce 

maintenance frequency and cost (City of Boise 2000). Local and state stormwater agencies 

typically publish recommended plant lists that are available online.  

3.3.4 Infiltration Trench 

Infiltration trenches are linear areas that have been excavated, backfilled with sand 

and stone, and covered with large aggregate or grass (US EPA 2021). Replacing urban or 

native soils with coarse aggregate increases the amount of void space available 

underground for runoff storage and allows more time for runoff to infiltrate into deeper 

soil (Minnesota Pollution Control Agency 2020). Infiltration trenches should be at least 

two feet wide, while the depth can vary from three feet to twelve feet (Minnesota Pollution 

Control Agency 2018a). A deeper trench allows more storage, but underlying utilities can 

limit depth in urban areas. Additional components of infiltration trenches include geotextile 

liners that prevent migration of aggregate and observation wells that allow for routine 

inspection and monitoring of water levels (Virginia Tech 2013). Infiltration trenches 

function best when they are coupled with pre-treatment mechanisms, such as bioswales or 

grass buffers. When designed properly, pre-treatment devices filter large debris to prevent 

it from entry into the trench and obstruction of void space within the aggregate (Virginia 

Tech 2013).  
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Infiltration trenches are an ideal roadside application because of their linear shape 

and ability to store large runoff volumes (Virginia Tech 2013). Although infiltration 

trenches do not provide the same aesthetic benefits as the aforementioned types of GSI, 

they have a distinct advantage in placement because they can be installed under any 

element in the ROW, as long as runoff can penetrate the surface. Figure 12 provides an 

example of an infiltration trench placement in relation to paved surfaces. 

 

 

Figure 12 – Infiltration trench placement at back of sidewalk 
(Landscape Architecture Foundation, 2021) 
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3.3.5 Subsurface Infiltration and Detention 

Subsurface infiltration and detention systems are a relatively new subset of GSI that 

have gained traction in recent years. Most subsurface systems contain some type of 

proprietary chamber made of strong plastic or concrete to maximize void space 

underground and increase the amount of available runoff storage (US EPA 2021). Large 

aggregate is placed above, below, and between the chambers for strength and additional 

storage, then a surface treatment is installed overtop, which can include pavement, 

landscaping, or grass (US EPA 2021). Systems may be lined with an impermeable liner 

when placed over highly polluted soil and they typically have an overflow structure that 

outlets into the sewer system (Philadelphia Water Department 2019) . A higher volume of 

runoff usually favors detention over retention because infiltration alone cannot adequately 

drain the entire system in the days following a large storm. Ideally, runoff isn’t released 

into the sewer, and is instead treated onsite and harvested for other uses, such as irrigation 

for landscaping (US EPA 2021). 

Since most systems are proprietary and research is limited, public entities tend to 

shy away from the use of subsurface infiltration and detention systems (Atlanta Regional 

Commission 2016). Furthermore, large subsurface systems are not always appropriate in 

urban settings because they require physical clearance from other underground utilities and 

building foundations (Philadelphia Water Department 2019). However, when surface 

space is limited, these systems can capture large volumes underground while the area 

aboveground can be paved or landscaped (Philadelphia Water Department 2019). 

Construction cost and maintenance burden data is not widely available, but many 

manufacturers tout quick installation due to the use of pre-cast units (ECT Team 2007). 



 52

Since subsurface systems do not contain vegetation, they tend to have a relatively low 

maintenance burden. Routine monitoring through inspection ports is recommended to 

ensure the system is functioning properly (Philadelphia Water Department 2019).  

To maintain the maximum feasibility for a public entity within this research, the 

application of subsurface infiltration and detention practices is only proposed as a last 

resort. Only once when every other GSI option has been deemed inadequate at storing the 

runoff volume necessitated by a given storm event are subsurface infiltration and detention 

systems recommended. Figure 13 illustrates the general components of a subsurface 

infiltration system while standard details of a proprietary system are provided in Appendix 

A.   

 

 

Figure 13 – A subsurface infiltration and detention system that utilizes plastic 
chambers for runoff storage  

(City of Detroit, 2021) 

 

 



 53

3.3.6 Permeable Pavement  

Permeable pavement refers to asphalt, concrete, or interlocking paver systems that 

contain a high number of voids to maximize infiltration of surface runoff (US EPA 2021). 

Pervious asphalt and concrete both utilize large aggregate within their pavement mix to 

allow rapid infiltration of surface runoff which is then stored in an underlying stone 

reservoir (Virginia Tech 2013). Permeable pavers also utilize a stone reservoir, but runoff 

enters through the space between each paver rather than permeating through the 

pavement’s surface (US EPA 2021).  Regardless of the surface material, permeable 

pavements function best when coupled with pre-treatment, such as grass swales or gravel 

beds, that filter large debris and prevents voids from clogging to support infiltration and 

promote long-term performance (Minnesota Pollution Control Agency 2017). 

Pavers typically require more capital upfront and are less costly to maintain in the 

long term, while concrete and asphalt are less expensive to construct, but more expensive 

to maintain. The material cost of pavers is much higher than that of concrete or asphalt, but 

as pavers need to be replaced, they can be switched out individually or in small sections  

(US EPA 2021). The process of repairing concrete or asphalt is typically performed on a 

larger scale because it must be produced in large batches to ensure quality control and 

maintain the structural integrity of the roadway (US EPA 2021).  

Once installed, permeable pavement appears and functions like conventional 

pavement, providing both advantages and disadvantages. First, every type of GSI presented 

thus far has required that space in the ROW be reallocated from its current use. Permeable 

pavement, however, does not require additional space, allowing both the roadway and 
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sidewalk to retain their existing functionality, all while capturing runoff. Permeable 

pavement is similar to its conventional counterparts, which can cause specialized 

construction or maintenance methods to be overlooked. For example, construction of 

conventional pavement requires compaction within the subbase and base of the pavement 

section to increase the strength of the roadway, while permeable pavements require tilled, 

uncompacted subbase and base layers to provide void space and ensure higher rates of 

infiltration (Hein and Schaus 2013).  Furthermore, permeable pavement must be routinely 

vacuumed or pressure washed to ensure void space is clear of debris (Kevern 2011). If 

contractors and maintenance personnel are unaware of these subtle, yet important 

differences, permeable pavement will function like conventional pavement and GSI 

benefits will be unrealized.  

Although permeable pavement systems may appear to be the most appropriate 

solution for retrofitting conventional roadways into green streets, their application is 

somewhat limited due to their decreased load-bearing capacity – a product of increased 

void space (Virginia Tech 2013). Within the ROW, permeable pavements are most 

appropriate for roadways with lower traffic volumes, or for parking lanes, gutters, and 

sidewalks (Minnesota Pollution Control Agency 2017). In this analysis, the placement of 

permeable pavement is limited to parking lanes to provide adequate real estate for other 

utilities in the ROW and reduce loading from moving vehicles.   Figure 14 shows 

permeable pavement placed in the parking lane between a conventional asphalt roadway 

and a concrete curb and gutter. Refer to Appendix A for all permeable pavement standard 

details.  
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Figure 14 – Interlocking permeable pavers in the parking lane 
(National Association of City Transportation Officials, 2021) 

  

3.4 Green Street Toolkit  

This section discusses the process to determine which type of GSI is most appropriate 

for a given roadway segment. The information presented in this section is intended to build 

upon the existing conditions assessment and GSI descriptions outlined in the previous 

section. The flowchart on the next page (Figure 15) provides an overview of the Toolkit 

process and the following subsections provide detailed descriptions for each step.  
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Figure 15 – Green Street Toolkit process overview 
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3.4.1 Step 1: Match GSI to Appropriate Functional Classification  

In the first step, functional roadway classifications defined by FHWA are used to 

determine which types of GSI are most appropriate for a given segment, per the EPA Green 

Streets Handbook (US EPA 2021). Table 3 provides a list of functional classifications and 

appropriate types of GSI to be used within each classification. For example, an arterial 

segment should utilize bioretention, bioswales, or infiltration trenches only, and no further 

types of GSI should be considered.  

 

Table 3 – Appropriate GSI types per functional roadway classification  
(US EPA 2021) 
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3.4.2 Step 2: Determine GSI Preference 

Once appropriate types of GSI are identified, overall preference is determined via 

the following criteria: GSI storage, space required for installation, construction cost, 

relative maintenance burden, and projected co-benefits. The end of this section presents a 

rational scoring system that uses the abovementioned criteria to rank GSI selection and 

implementation.  

3.4.2.1 Step 2a: GSI Storage Capacity and Footprint 

The estimated storage for each type of GSI is calculated using design assumptions 

gathered from each standard detail. A list of design assumptions is provided for each type 

of GSI in Appendix A. The main factors that influence GSI storage are media type, media 

depth, and ponding depth. Media type refers to a combination of soil, aggregate, or 

engineered fill, all of which have a specific void ratio. The void ratio determines how much 

space exists within the media for runoff to be stored. Media depth refers to the depth that 

media (i.e., soil or aggregate) is placed below grade. Since utility and structural conflicts 

are likely in urban scenarios, media depths are assumed to be relatively shallow, ranging 

from three to five feet, depending on GSI type. Ponding depth refers to the depth of runoff 

stored above the planting media at the GSI’s surface. The overall storage volume is 

intended to be a realistic estimation that accounts for urban conditions rather than a true 

maximum allowable storage volume. Further analysis regarding underlying utilities will 

determine the ultimate depth of the GSI, which will directly affect the estimated storage 

volume. 
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The space required for each type of GSI as a percentage of contributing drainage area 

(CDA), which in this case is equal to the area of each segment, is another important 

consideration. Required space is a crucial consideration in urban conditions when ROW 

space is limited and the other components, such as roadways or sidewalks, are competing 

for real estate along a segment. Table 4 provides an estimate for cubic feet (CF) of storage 

per square foot (SF) of GSI surface area, and the space required as a percentage of the 

CDA.  

 

Table 4 – GSI storage and contributing area 
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3.4.2.2 Step 2b: Construction Costs and Maintenance Burden  

Next, the construction cost per square foot is calculated for each type of GSI in 

accordance with the standard detail and design assumptions outlined in Appendix A. Due 

to high variation in wages, construction costs only include raw material. Appendix A 

provides a list of components and cost calculations for each type of GSI in 2021 dollars. 

Final costs are expected to vary due to existing site conditions and external economic 

factors. Recurring operational and maintenance costs will vary more than construction 

costs due to final plant selection, location within the ROW, and other site-specific 

conditions. Therefore, a relative maintenance burden is assigned to each type of GSI rather 

than a hard cost. Table 5 provides a summary of costs per SF of GSI area and relative 

maintenance burdens for each type of GSI. Stormwater planters and curb extensions have 

the highest cost due to curb installation, followed by bioretention and subsurface 

infiltration. Permeable pavement has a moderate construction cost, but a relatively high 

maintenance burden. Bioswales and infiltration trenches tend to use less variety in 

materials, which contributes to their low capital cost.  

 



 61

Table 5 – GSI construction cost PSF and relative maintenance burden 

 

 

3.4.2.3 Step 2c: Co-benefits  

Estimated GSI storage, required space, construction cost, and relative maintenance 

burden are the primary drivers for which type of GSI should be installed along each 

segment, but co-benefits, or benefits that are indirectly realized once a specific type of GSI 

is installed, are also an important because they offer supplementary environmental and 

social benefits. Table 6 lists co-benefits for each type of GSI, although the list is not 

exhaustive. In addition to those listed, all GSI proposed in this research will reduce water 

treatment needs, local flooding, and an area’s dependency on gray infrastructure.  

 



 62

Table 6 – GSI co-benefits 
(Adapted From Center For Neighborhood Technology 2010)

 

 

3.4.2.4 Step 2d: GSI Implementation Score 

The previous steps provide each factor required to determine which type of GSI is 

best suited for the roadway, including estimated storage, required space, construction cost, 

maintenance burden, and co-benefits. To determine which type of GSI is best, a weighted 

rating system is used. This step provides one example of how to rank GSI, but if a 

municipality were to establish a green streets program, weights of each criterion may shift 

depending on the goals the municipality wishes to achieve. In this case, storage capacity 

and required GSI area assume the greatest weight of to promote maximum physical 
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feasibility, while construction cost and maintenance burden receive moderate weights to 

emphasize financial and operational feasibility. Co-benefits and local preference have the 

lowest weights because they are not the main objectives of the green streets program 

proposed in this research. Some green streets programs may prioritize co-benefits over 

feasibility and some programs may have multiple weighting systems depending on 

neighborhood type or functional classification. Table 7 provides a summary of ranking 

structure and an explanation for how each value was assigned. 
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Table 7 – GSI scoring criteria and ranking structure 

 

 

 

 

After each type of GSI is ranked (per Table 7), the GSI types are given weighted 

implementation scores in Table 8. Table 8 reveals that bioretention and bioswales are most 
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preferable, followed by permeable pavement, infiltration trench, subsurface infiltration and 

detention, and stormwater planters. The GSI scores calculated in Table 8 will be used in 

the next section to propose the top solution for each segment. 

 

Table 8 – GSI implementation scores 

 

 

The scoring in Table 8 provides a consistent decision-making tool for local 

implementation of GSI and is intended to be used as a template for final GSI selection. 
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There are a variety of factors that could impact final GSI selection, and this scoring system 

prioritizes a GSI type’s ability to provide an effective use of space that maximizes storage 

capacity. However, if there is abundant space in the ROW, a GSI type that prioritizes 

aesthetics may be preferred based on co-benefits. Stormwater planters rank poorly in this 

analysis due to high construction costs related to curb installation, but oftentimes a curb is 

necessary to manage traffic operations along a green street segment (Cahill, Godwin, and 

Tilt 2018).  

Engineering guidance and community input during the planning and conceptual 

phases of a project is crucial for creating a green street that is functional for users of the 

roadway and fits within the context of the neighbourhood. It is equally important for 

decision-makers to stay flexible as the due diligence and design stages progress. In addition 

to GSI implementation score, site-specific existing conditions should guide the final 

decision and address the needs of all stakeholders.  

3.4.3 Step 3: Compute Required GSI Area  

Next, the treatment area required for each GSI type is calculated to determine how 

much ROW space is needed. Given the total runoff produced by each design storm (Section 

3.2) and the estimated storage per type of GSI (Section 3.4.2.1), the required area for each 

GSI type proposed on given segment for a specified design storm can be calculated using 

eq. (13).    

𝐺𝑆𝐼 𝐴𝑟𝑒𝑎 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  ,   (𝑆𝐹) =  (13) 
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𝑇𝑜𝑡𝑎𝑙 𝑅𝑢𝑛𝑜𝑓𝑓 𝑉𝑜𝑙𝑢𝑚𝑒  ,   (𝐶𝐹)

𝐸𝑠𝑡𝑖𝑚𝑎𝑡𝑒𝑑 𝐺𝑆𝐼 𝑆𝑡𝑜𝑟𝑎𝑔𝑒    (
𝐶𝐹
𝑆𝐹

)
 

If desired, the resulting metric can be broken down further to a linear foot basis 

by dividing the GSI area required by the total segment length:  

𝐺𝑆𝐼 𝐴𝑟𝑒𝑎 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  ,   =   

𝐺𝑆𝐼 𝐴𝑟𝑒𝑎 𝑅𝑒𝑞𝑢𝑖𝑟𝑒𝑑  ,   (𝑆𝐹)

𝑇𝑜𝑡𝑎𝑙 𝐿𝑒𝑛𝑔𝑡ℎ   (𝐹𝑇)
 

(14) 

Breaking the GSI area required into a foot-by-foot basis provides a clearer calculation 

of the space required in the ROW for a specific location. This metric will be used for 

comparison to the calculations in Step 4, which derive the available ROW space per 

linear foot of each segment.  

3.4.4 Step 4: Evaluate Available Space for GSI in the Right-of-Way  

In prior steps, proposed GSI options for each segment were selected by functional 

classification, then ranked through an assessment of storage capacity, construction cost, 

and other factors. The last piece of information needed to calculate the top GSI solution for 

each segment is available space in the ROW. Ideally, the preferred GSI would be installed 

without major changes to the existing ROW section to minimize land disturbance and 

interference with traffic operations. However, modifications to the existing ROW may be 

essential for capturing runoff from larger storms because a more space for GSI will be 

required. 
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Available space within the ROW is calculated for each segment using six modification 

scenarios, each of which represents a range of reconstruction options. The best solution is 

Scenario 1, which presents minimal disruption to the ROW section and maintains the 

number of drive lanes, the presence of parking lanes, and the adherence to minimum 

sidewalk width per zoning standards. As the scenarios progress from one to six, more space 

is made available for GSI by reducing parking lanes and sidewalk width. Thus, Scenario 1 

is the least-intensive modification scenario because it does not require any major 

reconstruction efforts. Scenarios 2-5 require a moderate amount of reconstruction to 

remove parking lanes and reduce sidewalk widths. Lasty, Scenario 6, a complete 

reconfiguration, requires significant changes to the roadway section that likely impact 

traffic operations. Table 9 provides a summary of modifications for each scenario.  

 

Table 9 – Modification scenarios for roadway sections   
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In all scenarios, drive lanes are reduced to a width of ten feet, and in all but the last 

scenario, the number of drive lanes is maintained. The rankings prioritize pedestrian 

accommodation, so reducing the sidewalk width is only considered after at least one 

parking lane has been removed from the roadway section. In all cases, the sidewalk width 

is not reduced to less than five feet, in accordance with pedestrian standards set forth by 

the Americans with Disabilities Act (U.S. Department of Transportation Federal Highway 

Administration 2001).  

While more ROW space is made available as scenarios progress, there are two 

exceptions. First, for roadways that do not have parking lanes, ROW width remains 

constant for Scenarios 1 and 2, then again for Scenarios 3 and 5, because the only retrofit 

opportunity applicable is a reduction of sidewalk width. Similarly, roadways with only one 

parking lane will have the same space available in Scenarios 2 and 4, as well as 3 and 5. 

Lastly, since the placement of permeable pavement is limited to parking lanes, the space 

available for GSI decreases as parking lanes are reduced. 

The six roadway modification scenarios are applied to each roadway segment to 

determine the ROW width available for proposed GSI. For example, if Scenario 1 results 

in 5.0’ of available ROW width for GSI, then there are 5.0’W x 1.0 L = 5.0 SF available 

within each linear foot of that segment. Figure 16 provides a visual to accompany these 

calculations.  
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Figure 16 – Available GSI area1 

 

Since this analysis is performed specifically for planning purposes, continuity between 

adjacent ROW sections is not considered. However, during the design phase of a project, 

care must be taken to ensure to align sidewalk and roadway locations in adjacent segments.  

3.4.5 Step 5: Determine Top GSI Solution for Each Segment  

The last four steps score potential GSI solutions for a given functional roadway 

classification (Step 1), rank the implementation preference of GSI types (Step 2), compute 

the required space for a given type of GSI (Step 3), and calculate the space available in the 

ROW for a series of roadway modification scenarios (Step 4). The last step in determining 

the top solution uses an iterative process (Figure 17) to compare the space available in each 

 
1 The furniture zone, or amenity zone, is the area between the back of curb and sidewalk that is typically 
reserved for utilities or other street furnishings. The clear zone is adjacent to the furniture zone and must 
remain unobstructed to allow for pedestrian access.  
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roadway modification scenario (Table 9) to the required space for each type of GSI. In 

general, the top solution minimizes roadway modifications while maximizing GSI score. 

 

Figure 17 – Top GSI solution process diagram  

 

To minimize potential disturbance to the roadway and maximize feasibility, the top 

solution prioritizes roadway modification scenarios before GSI preference. In the first 
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iteration, the space available in roadway modification scenario 1 (no change to the existing 

roadway) is compared to the space required by highest scoring GSI (bioretention). If the 

space available in the ROW is greater than the space required for the GSI, then there is 

adequate space in the ROW and the top solution is determined. If the space available is less 

than the space required, the next highest scoring GSI-type is considered. Once all GSI-

types have been exhausted for a particular segment under the first roadway modification 

scenario, the next roadway modification scenario is examined, again cycling through GSI 

types in order of implementation score to compare space available against space required. 

If the space in the ROW is deemed inadequate for the first five roadway modification 

scenarios, the default solution becomes roadway modification scenario 6 (complete 

reconfiguration).  

This method is carried out for all three design storms to determine at the top GSI 

solution for each segment. CHAPTER 4, which is specific to the City of Atlanta, utilizes 

this process to propose GSI across the study area. 
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CHAPTER 4. ATLANTA CASE STUDY 

4.1 Background  

The City of Atlanta provides the perfect lens with which to view the potential 

benefits that a programmatic green streets policy can provide. While the city has been 

utilizing GSI in its private development projects for over a decade, there has not yet been 

a systematic approach to incorporate facilities into public linear construction projects. 

Atlanta’s CSO and flooding problems are no secret, and even after decades of sewer 

improvements, the city is yet to fully satisfy the requirements of their NPDES permit. A 

1994 article published in the Atlanta Journal Constitution alerted the public to widespread 

issues by claiming that the city had “one of the worst sewer systems in the country” (1) and 

was regularly experiencing overflows that were in direct violation of the CWA. At the time, 

CSOs repeatedly washed tons of raw sewage into the city’s public parks, an amount great 

enough to fill 220 Olympic-sized swimming pools (Hallum 1994). Downstream 

communities as far as 65 miles away were also taking notice as their own water sources 

suffered from Atlanta’s discharge upstream, which was rife with contaminants (Hallum 

1994). 

Just four years after the article was published, the United States took legal action 

against the city by issuing a federal Consent Decree, which put forth two main 

requirements: First, that Atlanta become fully compliant with NPDES permits, the Georgia 

Water Quality Control Act, and the CWA for CSO control facilities, and second, the city 

must eliminate all unpermitted discharges from the combined sewer system (CSS) (US 

EPA 2018). The Consent Decree also stipulated any fees that would be administered given 
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future NPDES violations, which by 2013 had amounted to over $740,000, plus an 

additional $3M from previous violations (City of Atlanta 2014). After an initial round of 

sewer improvements were completed in 2008, a 2014 performance audit conducted by the 

City of Atlanta found that the city had successfully decreased average water quality 

violations by 65%. Figure 18 shows the violations and their relative frequency before and 

after Consent Decree-related sewer improvements were completed. To date, Atlanta has 

completed approximately 72% of its promised sewer improvements and remains on 

schedule to deliver all outstanding Consent Decree-related sewer projects by the 2027 

completion deadline (US EPA 2018). 

 

 

Figure 18 – Number and percent share of water quality violations by type,  
July 1998 – July 2013 
(City of Atlanta, 2014) 
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While Atlanta has made vast improvements to the existing CSS, NPDES violations 

and deferred maintenance continue to threaten ongoing compliance. From 2001 to 2017, 

there have been an average of eight NPDES violations per year, with significant increases 

during wetter years (2001, 2006, 2015) (US EPA 2018). In addition, the city has an 

estimated $25M-$36M in deferred maintenance costs (City of Atlanta 2014). As of 2017, 

Atlanta has spent approximately $1.07B of its $1.9B allotted to updating the CSS, which 

includes partial separation in some combined sewer areas (CSAs).  However, the increasing 

rate of development within densely populated areas has sparked uncertainty as to whether 

Atlanta can ever achieve 100% compliance with their consent decree, and ultimately the 

CWA.   

4.1.1 Combined Sewer System  

Atlanta’s wastewater collection system serves an area of approximately 225 square 

miles, which includes the City of Atlanta and some outlying areas (City of Atlanta 2011). 

The combined sewer system makes up approximately 10% of the wastewater collection 

system and services approximately 11 square miles in the densely developed core of the 

city, including downtown and midtown (City of Atlanta 2014). The Atlanta Department of 

Watershed Management (DWM) was formed in 2002 and is responsible for operating and 

maintaining all public sewers, including the combined portion, which contains 

approximately 86 miles of combined sewer pipe within the 11 square mile service area. 

The collection system is mostly comprised of brick or concrete pipes that range 

from 8-inches to 11-feet in diameter (City of Atlanta 2011). In addition to the general 

collection and conveyance pipes, the DWM operates six combined sewer overflow 



 76

facilities and three water reclamation (WRC) centers. Water reclamation centers collect 

and treat wastewater in accordance with Consent Decree standards and release fully-treated 

water into nearby water bodies, such as the Chattahoochee River (City of Atlanta DWM 

2010). There are two additional CSO facilities, Greensferry and McDaniel, that have been 

decommissioned and replaced with separate sewer systems per Consent Decree 

requirements. The projects, which were completed in 2008, decreased water quality 

violations in both number and severity (City of Atlanta 2014). Therefore, the remainder of 

this section focuses only on the six CSO facilities that remain in operation, which continue 

to threaten EPA compliance and pose ongoing risks to public health. Figure 19 shows the 

remaining CSO facilities and their associated combined sewer treatment basins.  
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Figure 19 – City of Atlanta combined sewer overflow facilities and sewer basins  
(City of Atlanta DWM Engineering Division, 2014)  
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In general, CSO facilities are divided into east and west areas, which correspond 

with the ultimate drainage basin of the CSO outfall. The Chattahoochee River Basin 

accepts all discharge from West Area CSOs, while the Ocmulgee River Basin and its 

tributaries (e.g., South River) accept discharge from East Area CSOs.  The left-hand panel 

of Figure 20 shows the water treatment process for wet weather flows in West Area CSOs. 

The first point of treatment is the R.M. Clayton WRC. Runoff is directed to the West Area 

CSO system when the WRC reaches capacity and is then distributed via the West Area 

Tunnel to the four CSO facilities (West Area, North Avenue, Tanyard Creek, and Clear 

Creek). The West Area Tunnel, which is approximately 200 feet deep, 8.5 miles long, and 

26 feet in diameter, offers additional storage capacity during rain events (City of Atlanta 

2014). During an extreme rain event, CSO capacity may also become overwhelmed, 

causing the discharge of minimally treated wastewater to nearby creeks (Peachtree, 

Proctor, Tanyard, or Clear). During dry weather, the process operates in reverse, as water 

is collected by the CSOs, then conveyed back to R.M. Clayton where it receives proper 

treatment and gets released directly into the Chattahoochee River.   

In the East Area CSOs, depicted on Figure 19’s right-hand panel, wastewater is 

initially treated at the Intrenchment Creek WRC. Once capacity is reached, combined 

sewer flows are diverted to the Boulevard Regulator where they are treated with chlorine 

and directed to the Custer Avenue CSO. If the Custer Avenue CSO reaches capacity, 

wastewater is again diverted to a storage facility, then ultimately to the Intrenchment Creek 

CSO via the Intrenchment Creek Tunnel. Much like the West Area Tunnel, the 1.8-mile 

long Intrenchment Creek Tunnel serves as extra storage during an extreme rain event, with 

a capacity of 44 million gallons (City of Atlanta 2014). CSO facilities in the East Area 
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discharge into Intrenchment Creek, which ultimately flows to the South River. During 

extreme rain events, the Custer Avenue CSO may discharge directly into Intrenchment 

Creek with minimal treatment. During dry weather periods, flows are treated in the 

Intrenchment Creek CSO, then the South River WRC, before they are released into the 

Chattahoochee River (City of Atlanta 2014). 

 

Figure 20 – Atlanta CSO water treatment process for wet weather 
(Adapted from “Performance Audit: Combined Sewer Overflow Consent Decree Impact” 

by City of Atlanta, 2014, p. 7.) 
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While CSOs, tunnels, and storage facilities have greatly increased system capacity 

and reduced CSO-related pollution, rain events with extended duration or high intensity 

continue to release minimally treated sewage into Atlanta’s waterways. From 2015 to 2020, 

seven wet weather CSO spills were documented from the West and East Area CSOs. 

Routine testing at CSO facilities also reveals 19 instances over the past five years in which 

fecal coliform levels exceeded permitted limits. Fecal coliform is a common bacterium 

derived from human or animal feces that threatens public health when found in water 

sources used for drinking or recreation (US EPA 2012). Furthermore, although the issue is 

not directly detailed in DWM reports, frequent local flooding within the CSA necessitates 

roadway closures, can damage property, and greatly strains existing infrastructure. Every 

year, DWM receives approximately 1300 stormwater-related complaints from across the 

city, many of which are related to damaged infrastructure and street flooding. Figure 21 

maps the complaints fielded by DWM from 2004-2016 where several clusters appear in 

the CSA.  
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Figure 21 – Reported stormwater issues 2004-2016 
(City of Atlanta, Department of Watershed Management, 2020) 

 

 According to DWM, decisions for capital projects are first driven by Consent 

Decree requirements, and second by complaints received (Rutherford 2020). Over the past 

decade, DWM has attempted to shift Atlanta’s stormwater management program from 
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reactive to proactive through policy that focuses on GSI strategies rather than conventional 

gray solutions. 

4.1.2 GSI Planning Initiatives  

In the last 15 years, The City of Atlanta has engaged in several GSI inspired 

planning efforts. The Post-Development Stormwater Management Ordinance (Chapter 74, 

Article X) was released in 2013 by the City of Atlanta Department of Watershed 

Management (DWM) and applies green infrastructure standards to commercial and single-

family residential development. The ordinance requires new developments (or 

redevelopments) over 500 square feet to utilize GSI to collect and treat the first inch of 

rainwater that falls on their site (City of Atlanta DWM 2020b). Recently, the city has 

expressed interest in adopting a linear construction component within the Ordinance. If 

adopted, the Ordinance would require any transportation project over 5,000 square feet to 

capture the first inch of runoff using GSI (City of Atlanta DWM 2020b). However, the 

process for incorporating GSI into linear projects remains unclear, both in terms of design 

and financing. The policy allows partial exemptions for several conditions that are 

extremely likely in nearly every urban scenario, including the following (City of Atlanta 

DWM 2020b): 

1. Where implementation requires relocation of utilities or other structures 

2. Where steep topology or other geological features exist, such as high 

groundwater table or shallow bedrock, or if the area is highly contaminated  
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3. Where installation of BMPs is an economic hardship due to ROW acquisition, 

construction, or relocation of utilities solely for the construction of BMPs 

Although there will undoubtedly be scenarios that could warrant some level of 

exemption, US cities have demonstrated they can consistently incorporate GSI into most 

urban projects, regardless of existing conditions. Prior to implementation of the linear 

construction policy, the city must anticipate a variety of probable issues and provide 

adequate design guidance to minimize potential for a project to be deemed infeasible.  

Whereas the post development ordinance addresses the use of GSI within private 

development projects, the 2018 Green Infrastructure Strategic Action Plan provides a 

systematic planning framework for all development projects, including those in the public 

ROW. The framework lists several objectives that must be met prior to implementation of 

a  formal policy, including evaluation of project funding, development of GSI-related 

technical specifications, post-construction monitoring, and an understanding of existing 

conditions (City of Atlanta DWM 2018).  The Strategic Plan was compiled under the 

guidance of the City’s green infrastructure task force, a group of eight City of Atlanta 

agencies and several private stakeholders. The task force laid the foundation for the cross-

bureau coordination required for efficient planning, construction, and maintenance of GSI, 

but the Strategic Action Plan only provides the first step to implementing a comprehensive 

GSI policy.  

Although a comprehensive GSI policy inclusive of both public and private 

development is yet to materialize, existing policies have contributed to several Atlanta-

based GSI projects over the past decade. Two of the most prominent public GSI projects 
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include Historic Fourth Ward Park (Figure 22) and the Peoplestown permeable paver 

retrofit. Historic Fourth Ward Park, a 17-acre public park located in the heart of Atlanta, is 

perhaps the city’s most visible installment of GSI to date (Historic Fourth Ward Park 

Conservancy 2020). The park features a constructed detention pond which temporarily 

detains the 100-year storm to relieve the surrounding 800-acre drainage basin from 

overflows, and reduce peaks flow to the combined sewer (Historic Fourth Ward Park 

Conservancy 2020). Not only does the park provide obvious co-benefits, such as an 

aesthetically pleasing environment for recreation and gathering, but it also provides 

environmental benefits such as ecosystem restoration and habitat creation. Best of all, the 

green solution cost $15M less than the conventional gray solution, a shining example of 

the potential economic advantage of GSI (City of Atlanta DWM 2018).  

 

Figure 22 – Historic Fourth Ward Park detention pond 
(City of Atlanta, Department of Watershed Management, 2020) 
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The Peoplestown permeable paver project in the Custer CSO basin provides much-

needed relief for frequent flooding in the south Atlanta neighborhood. The project replaced 

approximately 6-miles of conventional asphalt roadway with curb to curb permeable pavers 

to provide temporary detention of stormwater runoff.  Atlanta DWM, who oversaw the 

project, cited several challenges related to installation, the most problematic of which was 

the relocation of existing utilities (Rayburn 2020). Steep roadway slopes also necessitated 

the use of check dams within the underground detention component, which decrease flow 

rates while maintaining the structural integrity of the permeable paver system to combat a 

heavy rain event (Rayburn 2016). The paver system can detain a 25-year storm, well 

beyond the volume required by the proposed linear construction ordinance. While localized 

flooding may still occur during large storms, the project has demonstrated success in 

relieving local flooding issues within the ROW during frequent storms.  

Atlanta’s existing GSI policies have impacted over 5,000 public and private 

projects across the city since 2013 (City of Atlanta DWM 2020a). Private projects alone 

remove roughly one billion gallons of stormwater from the public sewer system annually  

and accept runoff from over 1,300 acres of impervious surfaces (City of Atlanta DWM 

2020a). While current policies sufficiently address private development, design guidance 

and general project support are needed before a successful GSI program can be 

systematically implemented in the public realm.  
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4.2 Existing Conditions Assessment   

4.2.1 Study Area  

As of 2022, there are four CSA sheds within Atlanta city limits (Figure 23) and all 

other sewer sheds were previously separated per Atlanta’s Consent Decree requirements. 

CSA shed data was retrieved from the City of Atlanta Department of Watershed 

Management (DWM) and imported an into ArcGIS for analysis.   

 

 

Figure 23 – Combined sewer areas within the City of Atlanta 
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The study area is further defined by overlaying roadway information onto the CSA 

areas. The City of Atlanta does not have a publicly accessible database of roadways, so the 

statewide Georgia Department of Transportation (GDOT) roadway inventory was utilized. 

The GDOT inventory, which was last updated in 2019, contains information for every 

roadway segment in the State of Georgia. Each segment contains a unique route ID, 

ownership information, functional classification, and roadway geometry. Segments were 

trimmed in ArcGIS to include only those that fell within CSA areas. Interstates and major 

freeways were removed from the dataset as well as any duplicate segments and segments 

with overlapping geometry were edited to form a single, continuous path.  

4.2.2 Right-of-Way Information  

Next, roadway geometry was reviewed and verified for all segments within the study 

area. Initial inspection of the data uncovered major discrepancies between the roadway 

width stated in the inventory versus the width measured in Google Earth. It is imperative 

that roadway widths reflect existing conditions because this analysis bases stormwater 

runoff calculations on the area of the roadway. Thus, the source of truth for width in this 

analysis required manual input from maps provided by Google Earth. Segments with large 

variations in roadway width were broken into multiple segments to better reflect their true 

width. Lane types and total number of lanes per GDOT’s inventory were also reviewed and 

corrected using Google Earth as necessary. Finally, segments greater than 500 feet in length 

were broken into shorter segments to better depict drainage areas that exist within an urban 

area.  
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ROW widths were then manually associated with each segment via a combination 

of historical plats and cadastral maps available through the City of Atlanta’s GIS website. 

The historical plats and cadastral maps show legal lot boundaries, and although they 

sometimes contained conflicting information, the data provided a rough estimate for ROW 

widths, which provided adequate material for a planning-level analysis. Any segment that 

did not have a corresponding plat or cadastral map (<5% of segments) was assigned a width 

based on roadway typologies and widths retrieved from the City of Atlanta Right of Way 

Manual (Table 10). In some instances, ROW width was less than the measured roadway 

width. In these instances, the ROW boundary was assumed to coincide with the back edge 

of the sidewalk located on either side of the street.   

 

Table 10 – ROW widths per the City of Atlanta ROW Manual  

 

 

Stakeholder information provided by GDOT was also reviewed and Figure 24 

shows the roadways within the scope area owned by GDOT versus the City of Atlanta. 

Since most roadways within the scope area fall within the City of Atlanta’s jurisdiction 
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(approximately 240 miles versus GDOT’s 17 miles), the remainder of this analysis focuses 

on standards and specifications set forth by the City of Atlanta.  

 

 

Figure 24 – Roadway jurisdictions within Atlanta's combined sewer area 
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4.2.3 Supplementary Data  

After existing conditions data from GDOT was verified, zoning classifications were 

overlaid on the study area and associated with each roadway segment. Zoning dictates 

minimum sidewalk widths per functional roadway classification. For most zoning types, 

the minimum sidewalk width is five feet (5.0’) for local and collector roads, and ten feet 

(10.0’) for arterial roads. The City of Atlanta breaks the sidewalk into two zones, the street 

furniture zone and the clear zone. The furniture zone is located immediately adjacent to the 

back of curb and may be utilized for GSI. The clear zone is located adjacent to the furniture 

zone and must remain unobstructed to allow for pedestrian access (City of Atlanta 2022). 

Neighborhood boundaries, as defined by the Atlanta Regional Commission were also 

associated with each segment in the dataset  

4.3 Runoff Calculations  

Once the dataset was cleaned and finalized, runoff calculations were performed per 

the methodology outlined in Section 3.2.  

4.3.1 Water Quality Volume Scenario  

Eq. (1) from Section 3.2.1 calculates the water quality volume (WQv) associated 

with each segment. To calculate 𝑅 , the percentage of impervious area (I) must be 

determined for each segment. Since segment area coincides with paved roadway area, it 

can be assumed that I is equal to 100 for all calculations, and thus, 𝑅  is constant.  

Therefore:  

𝑅  = 0.05+ 0.009(100) = 0.95 
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Area is calculated as the length of a given segment multiplied by the roadway pavement 

width per eq. (15): 

 

𝐴  (𝑆𝐹) = 𝐿𝑒𝑛𝑔𝑡ℎ  (𝐹𝑇) 𝑥 𝑅𝑜𝑎𝑑𝑤𝑎𝑦 𝑊𝑖𝑑𝑡ℎ  (𝐹𝑇) (15) 

Then,  

𝑊𝑄 ,  =
1.2 ∗ 0.95 ∗  𝐴  

12
 (16) 

Eq. (16) is applied to the study area to calculate the water quality volume (WQv) for 

each segment.  Individual segment calculations are provided in the supplementary dataset 

submitted with this research, and further discussion of results can be found in Section 4.5.1.  

4.3.2 25-Year, 24-Hour Storm Scenario  

This section follows the steps outlined in section 3.2.2 to calculate the runoff 

generated by a 25-year, 24-hour storm in the City of Atlanta.  

4.3.2.1 Steps 1-3: Determine Rainfall (P), Runoff Curve Number (CN), and Direct 

Runoff (Q) for the 25-Year, 24-Hour Storm Event 

Accumulated rainfall (P) for Atlanta (Appendix B) is calculated using an Atlanta-

specific rainfall intensity table provided by the GSMM. For a 25-year storm with a duration 
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of 24-hours results in a rainfall intensity (i) of 0.27 inches / hour. Eq. (2) calculates the 

total accumulated rainfall:  

𝑃 = 0.27
𝑖𝑛

ℎ𝑟
𝑥 24 ℎ𝑟 = 6.48 𝑖𝑛𝑐ℎ𝑒𝑠 

 Eq. (4) is used to calculate potential maximum soil retention (S). First, the curve 

number (CN) must be defined. Per Table 2.1.5-1 from the GSMM (Appendix B), the CN 

for impervious areas is 98, regardless of soil type. Therefore:  

𝑆 =
1000

98
− 10 = 0.204 𝑖𝑛𝑐ℎ𝑒𝑠 

Finally, the direct runoff (Qd) can be calculated with known values for P and S 

using eq. (6) from section 3.2.2.3. 

𝑄  =
(6.48 − 0.2(204))

6.48 + 0.8(.204)
= 6.24 𝑖𝑛𝑐ℎ𝑒𝑠 

4.3.2.2 Step 4: Determine Time of Concentration (Tc) for the Development Site (Pre-

Development conditions)  

 

T1 is calculated for each segment using eq. (7). Per Section 3.2.2.4, the Manning 

roughness coefficient (n) equals 0.11, flow length (L) is the measured width of each 

roadway segment, and land slope (S) is assumed to be 2% for all segments.  A slope of 2% 

is consistent with roadway grading requirements set forth by the City of Atlanta and 

GDOT. Finally, P2 is retrieved by multiplying the intensity found in Table A-2 for a 2-

year, 24-hour storm by 24 hours.  
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P2 = 0.17 in/hr x 24 hr = 4.08 inches 

With all variables known, T1 can be defined by the following equation for any given 

segment:  

𝑇 ,  (ℎ𝑟) =
0.42 0.011 ∗ 𝐿  

.

60(4.08) . (.02) .
 (17) 

Individual results for T1 revealed short times of concentration as anticipated. Since 

values for T1 were relatively small and there were many instances where T1 was zero, units 

were converted into minutes, with values ranging from 0.17 minutes to 1.19 minutes. The 

supplementary dataset submitted with this research provides detailed calculations.  

T2, which represents shallow concentrated flow, is then calculated using eq. (8) and 

eq. (9). Watercourse slope (S), which refers to the longitudinal slope of the roadway, is 

assumed to be 2% for all segments. Topography can vary significantly throughout Atlanta 

and while a value of 2% may not be reflective of every segment’s existing conditions, it is 

within the range of allowable longitudinal slopes for urban areas according to GDOT’s 

Design Policy Manual (GDOT 2022). Flow length (L) corresponds to the length of each 

segment. T2 can then be defined as the following for any given segment:  

𝑇 ,  =
𝐿  

3600 ∗ 20.33(. 02) .
 (18) 

T2 was calculated for all segments and converted to minutes. Values varied from 0 

minutes for shorter segments to 2.9 minutes for segments that were approximately 500 feet 

(see supplementary dataset for details). 
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The total time of concentration (Tc) for each segment was then calculated by 

summing the two travel times, T1 and T2, and results varied from 0.27 minutes to just over 

four minutes. Compared to a typical small land development project, the times of 

concentration are extremely short, while an analysis for a larger drainage area with a variety 

of surface treatments (e.g., landscaping, unpaved areas, etc.) could have a time of 

concentration that ranges from 5 minutes to an hour. However, the range of values is typical 

for small urban areas, especially when the drainage area mainly consists of paved surfaces. 

The GSMM acknowledges the fact that time of concentration will be shorter for urban 

scenarios and recommends using a minimum of five minutes. Since the time of 

concentration for all segments resulted in a duration of less than five minutes, Tc for all 

future computations is assumed to equal five minutes for all calculations 

4.3.2.3 Step 5: Compute Peak Discharge,  (𝑄 , Pre-Development Condition)  

Eq. (10) is used to calculate the peak discharge for each segment. First, unit 

discharge (qu) is retrieved from Figures 4 and 5 in Section 3.2.2.5. The units for qu are 

csm/in, which represents cubic feet per second (cfs) per square mile (mi2) of drainage area 

per inch of runoff (in). Figure 4 shows that Atlanta falls within a Type II Rainfall 

Distribution, which informs the use of Figure 5. The Unit Peak Discharge Graph first 

requires the calculation of    using the values calculated in previous steps: 

𝐼

𝑃
=

0.408

6.48
= 0.006 
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GSMM recommends using the limiting    line if values do not align with those 

shown in the graph. Therefore, the limiting line of  = 0.1 is used for this scenario. Given 

that Tc = ~0.1 hours and  = 0.1, the unit discharge (𝑞 ) is 1000 cfs/mi2/in. 

Area (𝐴) is defined as the segment area in square miles and runoff (𝑄) was 

calculated in Section 4.3.2.1. The pond adjustment factor (𝐹 ) is retrieved from Table 2, 

and because there are no pond and swamp areas within the drainage area defined for each 

segment, Fp = 1. Finally, the peak discharge (𝑄 ) can be calculated for each segment using 

eq. (19). 𝑄  values can be found in the supplementary dataset submitted with this research.  

𝑄  ,  = 1000 ∗ 𝐴  ∗ 6.24 ∗  1.00 (19) 

 

4.3.2.4 Step 6: Determine the Ratio of Peak Outflow to Peak Inflow (  ) 

Given the peak unit discharge calculated in the previous step, and a known 

detention time (T) of 24 hours,  is retrieved from Figure 6. When T = 24 hr and 𝑞  = 1000 

csm/in,  is approximately 0.02. A value of 0.02 indicates that 98% of the peak runoff for 

the 25-year, 24-hour storm event will be captured by GSI rather than the combined sewer 

system. However, this scenario assumes some runoff is detained, not retained, meaning it 

is eventually released into the combined sewer system. Still, the runoff released to the 

sewer will enter the system at a much slower rate and during off-peak flows. Retaining 

100% of the runoff volume generated by the 25-year, 24-hour storm event is possible if the 



 96

following requirements are met per City of Atlanta GSI standards (City of Atlanta DWM 

2014): 

1. The ponding depth of the GSI does not exceed 12 inches  

2. The drain-down time (the time for the GSI to drain completely) does not exceed 

48 hours 

Thus, if infiltration rates of the proposed GSI and underlying soil are extremely 

favorable, 100% retention is possible. 

4.3.2.5 Step 7: Calculate the Ratio of Required Storage Volume to Stormwater Runoff 

Volume, ( ) 

The ratio of required storage volume to stormwater runoff volume is given by eq. 

(11) in Section 3.2.2.7 given a value of 0.02 for .  Therefore,  

𝑉

𝑉
= 0.672 − 1.43(0.02) + 1.64(0.02) − 0.804(0.02) = 0.654 

4.3.2.6 Step 8: Determine the Required Storage Volume (Vs) 

𝑉  is calculated using the TR-55 equation for a type II storm per eq. (12) in Section 

3.2.2.8. Given that   = 0.654, 𝑄   = 6.24 inches, and 𝐴 = segment area (i.e., measured 

width x length of segment), 𝑉  is calculated for each segment using the following equation: 

𝑉  ,   (𝑎𝑐 − 𝑓𝑡) =
0.654 ∗ 6.24 ∗ 𝐴  

12
 (20) 
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Vs represents the storage volume requirement per runoff generated for the 25-year, 

24-hour storm. Results are converted to cubic feet for direct comparison with GSI storage 

to determine how much area GSI demands in the right-of-way to store the required volume. 

For example, if a segment has a storage volume (Vs) equal to 5000 CF, the GSI area 

required can be calculated using the estimated CF of storage per SF per Table 4 and eq. 

(13).  

4.3.3 100-Year, 24-Hour Storm Scenario  

4.3.3.1 Steps 1-3: Determine Rainfall (P), Runoff Curve Number (CN), and Direct 

Runoff (Q) for the 100-Year, 24-Hour Storm Event 

Accumulated rainfall (P) for a 100-year, 24-hour storm event in Atlanta is retrieved 

from Table A-2 in Appendix B of the GSMM 2001 Edition.  For the City of Atlanta, rainfall 

intensity (i) is 0.33 inches / hour, which is utilized in eq. (2) to calculate P for the 100-year, 

24-hour storm:  

𝑃 = 0.33
𝑖𝑛

ℎ𝑟
𝑥 24 ℎ𝑟𝑠 = 7.92 𝑖𝑛𝑐ℎ𝑒𝑠 

The runoff curve number (CN) for the 100-year, 24-hour scenario is identical to 

that of the 25-year, 24-hour scenario. Therefore, CN = 98, and S = 0.204. The simplified 

SCS rainfall-runoff equation, eq. (6), is used to determine the runoff (Q) generated from 

the 100-year, 24-hour storm event:  

𝑄 =
(7.92 − 0.2(204))

7.92 + 0.8(.204)
= 7.68 𝑖𝑛𝑐ℎ𝑒𝑠 
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4.3.3.2 Step 4: Determine Time of Concentration (Tc) for the Development Site (Pre-

Development Conditions)  

Since the time of concentration (Tc) is only based on physical characteristics of the 

drainage area, there is no need to calculate a new value for the 100-year, 24-hour storm. 

Therefore, the total time of concentration is equal to five minutes per the discussion in 

Section 4.3.2.2. 

4.3.3.3 Step 5: Compute Peak Discharge, (Qp, Pre-Development Condition)  

The pre-development peak discharge given by eq. (10) is used to calculate the peak 

discharge in the 100-year scenario. Since the value is dependent on the unit discharge, 

Figure 12 is used with a new value for  as shown below: 

𝐼

𝑃
=

0.408

7.28
= 0.005 

As explained in the 25-year calculations, the limiting line (  = 0.1) will be used. 

Therefore, qu = 1000 csm/in, the same value as the previous scenario. Segment area (A) 

and Pond Adjustment Factor (Fp) also will not change from the 25-year scenario as they 

are based on physical characteristics of each segment, which are uniform across every 

scenario. Runoff (Q) can then be defined using the equation below: 

𝑄  ,  = 1000 ∗ 𝐴  ∗ 7.68 ∗  1.00 (21) 
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4.3.3.4 Step 6: Determine the Ratio of Peak Outflow to Peak Inflow, ( ) 

The ratio of peak outflow to peak inflow ( ) is needed to determine the storage 

volume. Since qu and Tc have not changed from the 25-year scenario,  again equates to 

0.02.  

4.3.3.5 Step 7: Calculate the Ratio of Required Storage Volume to Stormwater Runoff 

Volume, ( ) 

Since the ratio of required storage volume to stormwater runoff volume is 

dependent on the ratio , and the value for the 100-year scenario is the same as the 25-

year scenario,  remains 0.654.  

4.3.3.6 Step 8: Determine the Required Storage Volume, (Vs) 

Finally, Vs is calculated using eq. (11), but this time with a value of 7.68 for 𝑄 . The 

storage volume for the 100-year, 24-hour storm is then calculated for each segment as 

follows: 

𝑉  ,  =
0.654 ∗ 7.68 ∗ 𝐴  

12
 (22) 
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4.4 Green Street Toolkit Application  

The Green Street Toolkit can now be applied using information from the existing 

conditions assessment and the runoff calculations. Functional classifications associated 

with each segment are depicted in Figure 25. Within the study area, there are approximately 

67 miles of arterial roadways, 29 miles of collector roadways, and 160 miles of local 

roadways. Table 11 combines data from Tables 3 and 7 to list the appropriate GSI types 

for each classification in order of their implementation scores. For example, for an arterial 

roadway, only bioretention, bioswales, and infiltration trenches are considered, in that 

order, for the remainder of the analysis.  
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Figure 25 – Functional classification for roadway segments within study area 
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Table 11 – Appropriate GSI types per functional roadway classification in order of 
implementation score  

 

 

Required GSI area is computed for applicable GSI solutions given the available 

storage (CF storage/SF GSI area) and the required storage (CF) per the runoff calculations. 

Available area in the ROW is calculated for each modification scenario using roadway 

geometry data collected in the existing conditions analysis. Required and available area 

calculations for each segment can be found in the supplementary dataset submitted with 

this research.   

4.5 Results  

The top solution for each segment is determined using the iterative process 

described in Section 3.4.5. A map depicting the best solution, in conjunction with the 

required roadway modification scenario, is presented for each storm. The ideal solution is 
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heavily skewed toward the top scoring GSI, bioretention, since it is the first type of SCM 

evaluated in the comparison of required storage volume and required GSI area. 

Bioretention is also applicable for every roadway classification, has a high storage 

capacity, and a moderate construction cost – all which lead to its high implementation score 

(Table 8). Therefore, an additional map is provided which shows the least intensive 

modification scenario required to accommodate at least three GSI solutions. Although the 

roadway modification scenarios for the second map may be more intensive in terms of 

reconstruction, there are more GSI solutions to choose from.  

4.5.1 Water Quality Volume Results  

The top solutions and accompanying roadway modification scenarios considered 

for the WQv storm scenario are shown in Figure 26, followed by a legend in Table 12. In 

the WQv storm scenario, there are approximately 144 miles of roadway within the study 

area that do not require modification to the existing roadway to accommodate bioretention, 

the top GSI solution. Forty-six (46) miles of permeable pavement, the third highest scoring 

GSI, are also proposed for under the first modification scenario (i.e., no reconfiguration 

necessary). Altogether, the first roadway modification scenario accommodates at least one 

GSI solution for nearly 75% of all segments (in terms of miles) within the study area.  
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Figure 26 – Top GSI solution vs. roadway modification scenario, WQv 

 



 105

Table 12 – Legend: Top GSI solution vs. roadway modification scenario, WQv storm 
scenario 

  

 

Scenarios 2-5, which call for fewer parking lanes and narrower sidewalks, can 

accommodate at least one type of GSI for 18% of roadways (in terms of miles) in the 

study area. Many of these segments are in the downtown and midtown neighborhoods, 

which are the most densely developed areas within the study area. If the recommended 

roadway modification scenarios are followed for these segments, most of the on-street 

parking would be eliminated. Fortunately, these areas are also most likely to offer 

alternative modes of transportation, which supports the argument to remove parking. 

There are several privately-owned parking lots and garages in the immediate area that 

could also alleviate the reduction of on-street parking.  

Just under 8% of roadway miles (21.33 miles) require a complete reconfiguration 

to accommodate at least one type of GSI. Most segments that require a complete 

reconfiguration are classified as local (73% of roadway miles). Many of these segments 

have limited ROW space and narrow roadways that cannot accommodate GSI adjacent to 

the roadway. For local roads that require a full reconfiguration, permeable pavement 
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within the drive lanes may be a viable alternative. Another solution is to utilize adjacent 

recreational space, such as city parks or plazas, if they exist adjacent to a segment. 

Intersections can also provide additional space for GSI, particularly when a segment 

which requires full reconfiguration intersects a segment that requires a lesser roadway 

modification scenario. There are several alternative solutions that exist for segments that 

require a full reconfiguration, but each segment must be evaluated on a case-by-case 

basis to fully examine the existing conditions surrounding the segment area. Table 13 

provides an in-depth look at four roadways within the study area of variable 

classifications. Each detail provides a list of existing conditions, a current photo of the 

roadway retrieved from Google Maps, the proposed GSI solution, and the associated 

roadway modification.  
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Table 13 – Example of GSI solutions and roadway modifications, WQv storm 
scenario 
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Figure 27 shows the least-intensive roadway modification scenario required to 

accommodate at least three types of GSI. Fifty-five percent (55%) of roadways (in terms 

of miles) do not require any reconfiguration to accommodate at least three solutions. 

Another 32% require reduction of one parking lane only, while less than 2% of roadways 

require elimination of all on-street parking. Eleven percent (11%) of roadways require 

full reconfiguration to accommodate at least three solutions, but these miles represent a 

small share of segments within the study area.  

For local roads, the first three solutions that accommodate a given modification 

scenario are bioretention, bioswales, and stormwater planters because they have the 

highest storage efficiencies, meaning they require the least amount of ROW area per unit 

volume of runoff stored. For roadways that fall under the collector classification, 

bioretention, subsurface infiltration and detention, and stormwater planters are the first 

three solutions to accommodate runoff for a given modification scenario. Arterial roads 

only have three appropriate types of GSI: bioretention, bioswales, and infiltration 

trenches. Therefore, for any arterial segment, the minimum roadway modification 

scenario must accommodate all appropriate solutions.  
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Figure 27 – Minimum roadway modification scenario required to accommodate at 
least three GSI solutions, WQv 
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 For 99% of segments, the minimum roadway modification scenario that supports 

at least three GSI solutions can also support the remaining types of GSI proposed in the 

segment’s functional classification. In other words, if a segment classified as local can 

accommodate bioretention, bioswales, and stormwater planters, it can also accommodate 

permeable pavement or an infiltration trench. This result is unique to the WQv scenario 

because, compared to the two remaining scenarios, significantly less runoff is produced, 

and less area is required by GSI.  The WQv scenario represents approximately 85% of the 

storms in the Atlanta area, so the results demonstrate a promising path to providing a 

feasible and flexible green streets approach for a frequent, low-intensity storm.  

4.5.2 25-Year,24-Hour Storm Results  

Each segment’s top GSI solution and associated roadway modification scenario for 

the 25-year, 24-hour storm scenario is shown in Figure 28 and is accompanied by a legend 

(Table 13). GSI solutions and roadway modification scenarios are broken down by GSI 

type and scenario in both Figure 28 and Table 13. There are approximately 107 miles of 

roadway in the study area that do not require reconfiguration to accommodate bioretention, 

the top GSI solution. An additional 28 miles of permeable pavement or subsurface 

infiltration and detention are proposed in the first roadway modification scenario. 

Therefore, around 53% of roadways in the study area (in terms of miles) can support at 

least one GSI solution without any modification to the existing roadway configuration.  
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Figure 28 – Top GSI solution vs. roadway modification scenario, 25-year, 24-hour 
storm 
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Table 14 – Legend: Top GSI solution vs. roadway modification scenario, 25-year, 
24-hour storm 

  

 

Approximately half of the remaining roadways require modifications to 

accommodate at least one type of GSI (roadway modification scenarios 2-5), while the 

other half require a major reconfiguration (roadway modification scenario 6). The 25-

year, 24-hour storm requires reconfiguration of nearly three times as many roadway miles 

compared to the WQv scenario. Of the 58 miles that require a major reconfiguration, 32 

(55%) are local, five are collector (9%), and 21 are arterial (36%). The share of arterial 

segments that require reconfiguration is much higher for this design storm, in part 

because there are not as many appropriate GSI solutions for arterial roadways, so the 

range of available storage is limited. Additionally, arterial roadways generally have more 

drive lanes than other functional classifications because they are intended to move more 

vehicles. However, an increase in number of lanes translates to wider roadways, which 

results in large runoff volumes that require a significant amount area for GSI. In other 

words, the ROW cannot sufficiently store the 100% of the runoff volume generated by a 

25-year, 24-hour storm.  
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Figure 28 reveals continuous stretches of segments that require major 

reconfiguration along several main arteries running north to south and east to west. In 

these cases, it may be beneficial to deploy multiple reconfiguration scenarios to evaluate 

the entire length of the segment to ensure continuity between segments in terms of 

geometry and GSI design. For major reconfigurations, number of drive lanes will likely 

be reduced to make room for GSI. Table 15 provides detailed examples of proposed GSI 

solutions along with the roadway modifications necessary to accommodate each solution 

for the 25-year, 24-hour scenario.  
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Table 15 – Example of GSI solutions and roadway modifications, 25-year, 24-hour 
storm scenario 
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Reconstructing a corridor provides an opportunity to implement complete street 

design and improve the roadway for all users, including vehicles, pedestrians, cyclists, 

and transit operators/riders. Vehicular safety is enhanced by promoting more consistent 

speeds as well as reducing turning conflicts that result in crashes (FHWA 2021). 

Pedestrian safety within the crosswalk is increased because the number of lanes to cross 

are reduced and buffer area is added between the roadway and sidewalk. Figure 29 

provides an example of how the city could reduce the number of lanes and make space 

for dedicated bike lanes. Not only do bike lanes create a dedicated space for cyclists, but 

they also free up roadway space for permeable pavement application. Alternatively, the 

“added” space could be re-incorporated into back-of-curb area to accommodate transit 

stops or wider sidewalks and integrate them with GSI.  Incorporating GSI into complete 

street design can also reduce roadway flooding and improve safety. Furthermore, 

increased vegetation reduces air and noise pollution (NACTO 2017b). Ultimately, some 

streets may be better suited for movement of vehicles, but a full reconfiguration of the 

roadway presents an urban area with the opportunity to reimagine the street grid as a 

network that incorporates green street practices and serves all users of the roadway. 
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Figure 29 – Roadway reconfiguration scenario 
(Source: FHWA, 2021) 

 

Figure 30 shows the minimum roadway modification scenario required to 

accommodate at least three types of GSI. Approximately 36% of roadways in the analysis 

do not require any modification to accommodate at least three solutions. Another 32% of 

roadways only require the reduction of one parking lane, while just under 3% of 

roadways require the reduction of all on-street parking. Lastly, 29% of roadways require 

full reconfiguration to accommodate at least three solutions.  
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Figure 30 – Minimum roadway modification scenario required to accommodate at 
least three GSI solutions, 25-year, 24-hour storm 
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4.5.3 100-Year, 24-Hour Storm Results 

The top GSI solution and roadway modification combination for each segment in 

the 100-Year, 24-Hour storm scenario is shown in Figure 31, accompanied by a legend on 

the following page (Table 14). In this scenario, there are approximately 120 miles of 

roadway in the study area that do not require any modification to the existing roadway to 

accommodate at least one type of GSI. Of the 120 miles within the first roadway 

modification scenario (i.e., no change to the existing roadway), 97 miles propose the top 

solution, bioretention, 21 miles propose permeable pavement, and 1.3 miles propose 

subsurface infiltration and detention. Thus, the GSI solutions proposed in the first roadway 

modification scenario for the 100-year, 24-hour storm account for approximately 47% of 

all roadway miles in the study area.  

Like the 25-year, 24-hour storm scenario, roughly half the solutions proposed 

require moderate modification to accommodate at least one type of GSI (roadway 

modification scenarios 2-5) while the other half require a major reconfiguration (roadway 

modification scenario 6). Although this storm produces significantly more runoff than the 

25-year scenario, there is only a slight increase (~7 additional miles) in roadways that 

require major reconfiguration. However, the GSI solutions proposed for this storm will 

require a larger share of ROW space. Even so, the relatively minor increase in roadways 

that require major reconfiguration between storm scenarios provides an argument for 

reconstructing roadways to treat the 100-year storm rather than the 25-year storm.  
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Figure 31 – Top GSI solution vs. roadway modification scenario, 100-year, 24-hour 
storm 
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Table 16 – Legend: Top GSI solution vs. roadway modification scenario, 100-year, 
24-hour storm 

  

 

Figure 32 outlines the roadway segments that require a major reconfiguration. 

Assuming 10-foot lanes and a minimum sidewalk width of six feet, approximately 20% 

of roadways require reconstruction to move the curb rather than a reduction in the 

number of drive lanes. Thirty-six percent (36%) of roadways require a reduction of one 

lane only, while just under 10% require a reduction of two or more lanes. This analysis 

assumes that any segments which require a reduction in drive lanes will still require a 

minimum of two lanes. Therefore, 34% of roadways that require major reconfiguration 

are “infeasible”, meaning the space available in the ROW cannot adequately support GSI 

alongside necessary components like vehicular lanes and pedestrian walkways. Each 

segment should be evaluated on a case-by-case basis for reconfiguration and the ultimate 

solution to incorporating green streets may prioritize the capture of varying levels of 

storms from street to street.  
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Figure 32 – Required drive lane reductions to accommodate one type of GSI for 
reconfigured segments  

 

The goal of this analysis is to treat the 100-year storm along every segment using 

GSI, but the physical and financial feasibility decrease as treatment volume and required 

GSI area increase. Although planning for the 100-year storm requires considerable 

resources, almost half of the streets do not require any change to the existing section 

whatsoever, and only 10% of roadways in the analysis are infeasible. Although capturing 

the 100-year storm does not physically separate the combined sewer system into two 

components, statistically speaking, it prevents stormwater from entering the system for 

99% of storms each year. While stormwater can still physically enter the system – 

especially for a storm event more intense the 100-year storm – runoff volumes are 
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significantly reduced along with CSO events (Atlanta Regional Commission 2016).  

Additional benefits include mitigation of urban heat island effect, reduced energy demand 

due to lower ambient air temperature, and lower probability of drinking water impairment 

(Atlanta Regional Commission 2016). Table 17 provides detailed examples of proposed 

GSI solutions along with the roadway modifications necessary to accommodate each 

solution for the100-year, 24-hour scenario. 
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Table 17 – Example of GSI solutions and roadway modifications, 100-year, 24-hour 
storm scenario 
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Figure 33 shows the first instance in which a roadway modification scenario can 

support at least three types of GSI for the 100-year, 24-hour storm scenario. Twenty-five 

percent (25%) of the roadways within the analysis do not require modification to 

accommodate at least three solutions. Approximately 39% of roadways require reduction 

of one parking lane, and 4% of roadways require elimination of all on-street parking. The 

remaining 32% of roadways (in terms of miles) require a major reconfiguration to 

accommodate three solutions, a 10% increase from the previous storm scenario.  

 As expected, accommodating at least three types of GSI for the 100-year, 24-hour 

storm requires significant roadway modifications for a large share of segments. Many 

segments within Atlanta’s downtown and midtown areas would need to be reconfigured 

to accommodate this design storm to support multiple GSI types. Like the previous two 

scenarios, local streets within residential neighborhoods require little to no modification 

to support multiple GSI options sized for the 100-year storm. 
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Figure 33 – Top GSI solution vs. roadway modification scenario, 100-year, 24-hour 
storm 
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4.6 Discussion  

4.6.1 Result Accuracy  

Assumptions throughout this analysis, such as 100% pavement coverage and short 

times of concentration, were intended to produce conservative estimates for runoff volumes 

generated by each storm. However, several unknown factors may contribute to a higher (or 

lower) runoff volume than what was calculated. First, the runoff calculations only consider 

the stormwater generated within the roadway rather than the entirety of the ROW due to a 

lack of data regarding adjacent land use, such as sidewalks, landscape buffers, and other 

existing features within each segment. Therefore, if excess pavement or other hardscaped 

areas exist adjacent to the roadway, but still within the ROW (e.g., public sidewalks), the 

contributing area and subsequent runoff volumes will be larger than what was calculated. 

In such cases, the GSI proposed would require a larger footprint than what is calculated in 

this analysis. However, the analysis is still somewhat conservative because the roadway is 

the largest source of runoff in the ROW section, and consists only of pavement, which 

translates to the maximum amount of runoff possible for the roadway area. 

A comprehensive existing conditions analysis may also impact the results of this 

analysis. For example, if the ROW width is not accurate, there may be more (or less) area 

available for GSI than what was assumed. Larger ROW widths translate to a less disruptive 

roadway modification scenario and increase physical feasibility. On the contrary, there may 

be an abundant number of shallow utilities that limit the overall depth of the GSI, 

negatively impacting the assumed storage (CF/SF of GSI). In those cases, the required area 

for GSI will increase and the roadway modification scenario will become more intense, 
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i.e., require the reduction of all parking lanes rather than just one. Topography will also 

impact the assumed storage of GSI. Steep slopes make it hard for GSI to achieve its 

specified ponding depth and can also lead to turbulent runoff conditions that destroy 

vegetation. GSI placed in challenging topographical areas will require specialized 

construction methods, robust vegetation, and frequent maintenance. The City of Atlanta 

contains several roadways with steep longitudinal slopes, which will impact GSI storage 

efficiency and design.  

The Green Street Toolkit serves as an effective planning tool and is the first step 

toward implementation of green infrastructure on a large-scale, but proper due diligence 

regarding site characteristics must be performed to combat any storage limits or design 

challenges such as topography or utility conflicts.  

4.6.2 Design Implications  

The Green Street Toolkit presented in this research focuses on the physical 

feasibility of GSI in the ROW. However, the roadway modifications proposed may lead to 

push-back from public or private stakeholders. First off, five out of six roadway 

modification scenarios reduce on-street parking, which requires buy-in from local 

stakeholders, especially when alternative modes of transportation are limited. Although 

removal of on-street parking is a controversial subject in the City of Atlanta (and beyond), 

there has been a recent push by city planning officials to reduce on-street parking and 

eliminate parking minimums dictated by zoning and building-type. However, push-back 

from other city departments and adjacent property owners can result in project delays and 

negatively impact the GSI design and approval process.  
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A reduction in sidewalk widths may negatively impact an area’s walkability. 

Information regarding adjacent land use and pedestrian activity should be retrieved during 

the existing conditions assessment to ensure adequate pedestrian access is maintained 

wherever GSI is installed. In many cases, GSI has the potential to enhance pedestrian safety 

by improving visibility at intersections and decreasing vehicular speeds. Finally, the 

utilization of vegetation in lieu of pavement creates a welcoming atmosphere, so GSI 

should be seen as an improvement, rather than a hindrance to, the pedestrian environment.  

 Although neighborhood boundaries were incorporated into the base dataset, they 

did not impact GSI solutions or roadway modifications. Ideally, the inclusion of 

neighborhood boundaries promotes long-term, neighborhood level planning in the next 

steps of the green street design process. Neighborhood context may alter final GSI selection 

or the selection’s individual characteristics, like plant selection, curbing, or drainage grates. 

Since the Green Street Toolkit is intended to follow an incremental process, design 

continuity among adjacent segments will be challenging. Adhering to a long-term plan 

within neighborhoods will promote consistent design, facilitate the development of 

maintenance scheduling, and inform design improvements over the 40-year reconstruction 

period.  

4.6.3 Combined Sewer Separation  

The ultimate question within this research is whether a programmatic green streets 

approach is capable of removing stormwater generated in the roadway (and ideally, the 

entire ROW) from the combined sewer system. To address this, runoff generated by the 

100-year, 24-hour storm was quantified within the roadways that coincide with Atlanta’s 
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CSA and GSI was sized to capture the resulting volume. The results show the runoff from 

a 100-year, 24-hour storm can be captured using only GSI for 90% of roadways in the 

CSA, but roadway modifications must be made on 137 miles (53%) of segments. Beyond 

a reduction of parking lanes and sidewalk widths, major roadway reconfigurations require 

a decrease in drive lanes for 74 miles (29%) of roadways in the study area. Although data 

regarding public and franchise utilities was not collected, utility removal and relocation 

will be required for most, if not all, GSI projects, which could extend the project completion 

timeline and increase construction cost. Though a green streets approach is physically 

possible in most cases, financial implications can further impact feasibility. Moreover, 

treating a storm of this magnitude requires major reconfiguration and reconstruction at a 

roadway corridor level, rather than incremental changes to individual segments, a severe 

departure from the methodology the Green Street Toolkit proposes.  

In addition to feasibility and budgetary issues, designing for the 100-year, 24-hour 

storm does not address the most intense storms, despite its common usage as the most 

extreme storm scenario in stormwater drainage design. For example, in 2009, Austell, 

Georgia, a town located 17 miles east of Atlanta, experienced a storm that exceeded the 

500-year (0.2%) storm event in some drainage basins (USGS 2010). Therefore, designing 

for the 100-year storm event may not adequately address runoff generated by extreme 

storm events, even if the probability of such an occurrence is relatively low. Although it is 

outside the scope of this research, climate change has triggered a critical review of whether 

current stormwater design criteria is adequate at addressing urban flooding issues likely to 

occur in the near future (Markolf et al. 2021).   
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Rather than a blanket requirement, GSI and the Green Street Toolkit should be 

utilized for capturing a mixture of storm durations and intensity, ranging from the 25-year, 

24-hour storm to the 100-year, 24-hour storm, depending on existing conditions. To mimic 

a comprehensive sewer system, connecting completed GSI projects may be beneficial, 

either through traditional sewer pipes or other low impact SCMs, such as swales. 

Connecting GSI would allow areas with excess runoff to make use of underutilized GSI 

nearby. Alternatively, GSI could be routed to larger SCMs, such as retention ponds, or 

released to local bodies of water. GSI enables runoff to receive significant treatment 

through infiltration, then released into local bodies of water without the harmful public 

health implications brought on by a CSO event.  

Simply designing GSI to capture the runoff from a design storm does not inherently 

produce physical separation from the combined sewer system. Instead, the runoff generated 

in the ROW no longer relies upon the underlying sewer system for all storm intensities of 

a 24-hour duration up to the design storm event – ideally the 100-year storm. Unless major 

flood controls are in place, intermittent connections to the combined sewer should be 

maintained to provide a safeguard for extreme events. These connections would be used 

sparingly and the supplementary GSI system would still eliminate the main issues 

associated with CSO events, such as limited sewer capacity, back-ups, and local flooding.  

4.6.4 Future Work  

There are several pathways to expand upon this research. First, enhanced data 

collection on existing conditions could yield more accurate results throughout the analysis. 

A profile of physical characteristics within the ROW, including complete information 
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regarding existing roadway widths, sidewalk widths, and buffer space would fine-tune the 

analysis and provide more accurate data for future design phases. Existing lane width and 

topography would also aid in determining overall feasibility for GSI in the ROW. Likewise, 

details regarding additional roadway components such as shoulders or medians should be 

documented because they are prime locations for GSI. Lastly, a comprehensive parking 

inventory for both on-street and off-street parking would allow designers to make informed 

decisions regarding the impacts of removing on-street parking.  

In addition to enhanced data collection for the existing conditions analysis, detailed 

information regarding impacts from storms, such as flooding complaints or reports of 

damaged infrastructure or property would help guide phasing of a green streets program 

by addressing the needs of more heavily impacted areas first. Ideally, this data could be 

incorporated into a GIS model and overlayed with the existing conditions analysis to view 

both sets of data in tandem.   

 Lastly, securing a comprehensive inventory of all past green infrastructure projects 

across Atlanta would create a blueprint for documenting future green street projects. 

Details such as plant lists, recommended design storms, and site challenges would provide 

priceless firsthand knowledge for future projects. Just as engineers and architects are 

required to submit “as-built” drawings for current land-development projects, detailed 

information should be submitted for all green infrastructure projects as well. While the City 

of Atlanta does provide an overview of green infrastructure projects on their GIS website, 

it should be supplemented with the abovementioned technical information to educate 

designers, engineers, and contractors, and inform future projects.   
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CHAPTER 5. POLICY RECOMMENDATIONS 

The Green Street Toolkit analysis demonstrates that The City of Atlanta would 

benefit from the implementation of a green streets program within The City’s proposed 

linear construction policy. At a minimum, any roadway that is reconstructed should be 

required to capture and store runoff generated by the WQv design storm using GSI. This 

work supports an even stricter policy by uncovering that almost half of the roadways within 

the CSA have adequate space to implement GSI to capture the 100-year, 24-hour storm 

without any significant changes to the roadway. While site conditions will ultimately 

dictate the design storm that can be treated with GSI, the Green Street Toolkit can be used 

to initially determine design options for a roadway reconstruction project. Therefore, it is 

recommended that the City of Atlanta consider developing GSI requirements for roadways 

based on the Green Street Toolkit and enforce such requirements within their linear 

construction policy. The following sections outline recommendations the City should 

consider before establishing a formal policy.  

5.1 Administrative Framework  

Green street policies in US cities, such as Seattle or Portland, provide a precedent 

for how the City of Atlanta might implement a successful linear construction policy. In the 

case of Portland, whose programmatic green streets policy was introduced in 2007, 

planning, implementation, and maintenance of green streets was a cross-bureau effort (i.e., 

The Green Streets Cross-Bureau Team) that included members from planning, 

development, maintenance, environmental, parks and recreation, and transportation 

departments (City of Portland 2007). The team established a green streets policy to achieve 
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shared goals between departments, triggering wide-spread acceptance and support for 

green street practices within the local government. In the City of Atlanta, multiple 

departments manage GSI within the, but exact responsibilities of each department are 

unclear, leaving gaps in the design, construction, and maintenance processes. The City of 

Atlanta must establish a coalition of stakeholders from all relevant departments to address 

GSI for green streets. Routine meetings would establish rapport between departments and 

help identify commonalities to pursue in a formal green streets program. While the City of 

Atlanta does have a multidisciplinary team that focuses on GSI (i.e., The Green 

Infrastructure Task Force), their main goal is to enforce the requirements of Atlanta’s 

stormwater ordinance on private property, rather than the public ROW (City of Atlanta 

DWM 2018). Furthermore, the Task Force does not consist of major stakeholders that 

would need to be included in a green streets program, such as The Atlanta Department of 

Transportation or GDOT. Therefore, a separate team should be compiled of all relevant 

stakeholders to focus solely on the implementation and management of a green streets 

program within the larger linear construction policy.   

5.2 Project Tools  

After establishing an administrated framework and compiling a GSI green street 

team, there are several tools that the City should publicize prior to the issuance of a formal 

policy. For example, Portland’s policy is comprehensive in that it addresses short and long-

term planning for projects, technical guidance and specifications, and maintenance 

protocols. Likewise, SPU manages Seattle’s natural drainage program and has issued six 

volumes of green infrastructure manuals that cover project initiation, options analysis, 

design, construction, operations and maintenance, and monitoring (NACTO 2016). Both 
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cities have had long-running green streets programs recognized as best practices 

throughout the US and a blueprint for other cities, due in part to the abundant resources 

and support they offer. To follow in these cities’ footsteps, the City of Atlanta must expand 

upon the GSI guidance offered in the Green Street Toolkit to provide adequate technical 

support for all phases of a project.  The Green Street Toolkit provides a starting point for 

project initiation, options analysis, and design, but the Toolkit does not offer guidance for 

funding, construction methods, operations, or maintenance.  

5.2.1 Construction Standards  

The construction of GSI is constantly evolving, so there is a lack of concrete 

documentation of design details, standards, and specifications. GSI is not a one-size-fits-

all type of infrastructure, which has hindered the formal issuance of specific construction 

standards. In Portland’s green streets program, thorough documentation of completed 

projects has led to the creation of a Green Streets Notebook that provides design details 

and guidance for every type of GSI used within their program (City of Portland 2007). At 

first, the notebook’s standards were flexible, but as the city learned from its mistakes, the 

notebook evolved into a formal manual. Eventually, the Green Streets Notebook was able 

to provide guidance for site-specific challenges and reduce costs on future projects (City 

of Portland 2007). Standards and specifications for GSI construction cannot be created 

overnight, but they do require a starting point. While the City of Atlanta and The Atlanta 

Regional Commission have some GSI details available on their websites, a set of 

construction standards specific to green streets needs to be created before a linear 

construction policy can be issued. Ideally, a cross-bureau team can develop standards that 

meet the criteria that the City of Atlanta requires for both stormwater and roadway 
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infrastructure.  Like Portland’s Green Streets Notebook, standards and details should start 

with some flexibility, then updated routinely as projects are completed.   

5.2.2 Monitoring and Maintenance  

Establishing maintenance protocols for GSI is equally as important as developing 

construction standards.  Unlike conventional sewer infrastructure, which generally 

performs as designed, GSI requires monitoring and maintenance to ensure proper 

functionality and performance (i.e., capturing and treating the intended design storm). 

Philadelphia’s Green City, Clean Waters program adheres to a comprehensive monitoring 

plan that not only monitors GSI, but also the combined sewer system and receiving waters. 

The Philadelphia Water Department is responsible for monitoring GSI and collecting data 

specific to each type of GSI’s function, including inflow, surface infiltration, storage, 

subsurface infiltration, soil moisture, and bypass flow (Cammarata 2014). These 

measurements are then compared to the design parameters to determine the effectiveness 

of GSI and make critical improvements to the existing infrastructure.   

Routine monitoring of GSI is also vital for maintenance scheduling and methods. 

If GSI is functioning properly, but a series of storm events causes a sudden increase in 

bypass flow, maintenance may be required. The Atlanta Regional Commission and the 

GSMM both provide recommended maintenance schedules for all types of GSI proposed 

in The Green Street Toolkit, but like construction standards, they merely offer a starting 

point since every type of GSI possesses unique design attributes and site conditions. 

Furthermore, the maintenance schedules offer little in the way of post-construction 

monitoring, a fundamental component of determining maintenance needs. Maintenance 
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schedules and activities depend on several factors, including site conditions (topography, 

amount of traffic, type of runoff, etc.) and meteorological conditions (frequent storms and 

dry periods). While routine monitoring and maintenance are important throughout the 

lifetime of GSI, they are especially crucial in the early years of a green streets program 

because they eventually establish a precedent for future projects.  

5.3 Pilot Program  

A pilot program is a common denominator that successful green street programs in 

other cities often share. Pilot programs address gaps in planning, construction, and 

maintenance of green street projects before they are implemented at a larger scale. 

Although Atlanta has deployed GSI in the roadway for several past projects, the planning, 

design, and implementation processes were inconsistent from one project to another. 

Therefore, The City of Atlanta should start a pilot program to test out the Green Street 

Toolkit methodology, construction methods, and maintenance protocols before finalizing 

a linear construction policy. The pilot program should include a variation of green street 

projects with different GSI types, roadway classifications, and site conditions. Once a 

project has been completed, thorough documentation of project challenges and GSI design 

should be provided by the project team. In Portland, documentation of pilot projects has 

catalyzed the formulation of a Green Streets Notebook, which served as a foundation for 

formal GSI standards and specifications, and enabled design innovation and cost savings 

(City of Portland 2007).  

 Every one of the policy recommendations outlined in this chapter could be 

addressed with a pilot Program. The program would also provide an opportunity to secure 
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buy-in from City of Atlanta stakeholders before a formal policy is put into action. Pilot 

projects offer a tangible example of green streets for the public and serve as an educational 

tool that exemplifies the benefits of GSI.  
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CHAPTER 6. CONCLUSION 

Increased land development across US urban areas has generated an onslaught of 

issues that have forced cities to rethink the way they plan and design stormwater 

infrastructure. It is estimated that 60% (or more) of land in urban areas is made up of 

impervious surfaces, about half of which are roadways (NACTO 2017a). Traditionally, 

roadways have utilized the underlying sewer system to quickly capture and eliminate 

runoff generated by a storm. Ceaseless land development and increasing storm intensity 

and frequency have rendered the existing sewer system inadequate, leading to overflows 

and local flooding. Capacity issues are especially prevalent in urban cores where street 

grids are well-established and pavement is ubiquitous. These areas are often served by 

aging combined sewer systems that were originally designed to convey significantly less 

runoff volume than what today’s urban conditions warrant.  

Historically, the approach to increase capacity has been to separate the combined 

sewer system into two parts: sanitary and stormwater. However, retrofitting the combined 

system in densely developed urban areas oftentimes constitutes a monumental effort that 

can be plagued by economic and physical challenges. Therefore, many cities have invested 

in large-scale gray infrastructure, such as CSOs and storage tanks, which have proven to 

be short-sighted solutions, unable to keep up with the increasing capacity needs of growing 

cities. From 2001 to 2017, the City of Atlanta spent $1.07B on capacity relief projects, and 

while additional projects are nearing completion or in the pipeline, overflows and backups 

persist (City of Atlanta 2014). Moreover, there are 11 square miles within the core of the 
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city that are served by the combined sewer system, yet no further plans to separate these 

segments currently exist (City of Atlanta 2014).  

Sewer separation and large-scale capacity relief projects are not the only solutions 

for stormwater mitigation in combined sewer areas. Green infrastructure has proven to be 

a viable alternative for conventional sewer systems because functions like traditional 

infrastructure while providing ancillary benefits. Portland and Seattle are prime examples 

of cities turning to an emerging subset of civil engineering known as green infrastructure 

to address CSO-related issues. Both cities have recognized the value of utilizing green 

infrastructure for roadside applications (i.e., green streets), since paved surfaces are one of 

the largest contributors of increased runoff.  Portland began installing green street 

components in 1998 and the city’s system has grown to include more than 2,520 features 

as of 2020 (City of Portland 2022b). Approximately 200 million gallons of stormwater are 

captured by these facilities annually, most of which are removed from the combined 

portion of the sewer system  (City of Portland 2022a). The green street system, along with 

other SCMs like green roofs and rain harvesting systems, manage approximately 51% of 

all stormwater from city-owned impervious surfaces (City of Portland 2022b). In addition 

to stormwater mitigation, Portland cites various positive externalities stemming from its 

green streets program, including enhancements to the pedestrian environment, reduced air 

temperature, and additional habitat for wildlife (City Parks Alliance 2022). Both Portland 

and Seattle were early adopters of green streets and their long-running programs have 

continued to gain momentum due to the immense number of benefits GSI has provided – 

at a fraction of the cost of conventional infrastructure. Although both cities still have work 
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to do, they are well on their way to permanently eliminating CSO events. This begs the 

question: What can green streets do for other cities?   

This work presents a methodology for the implementation of green streets within 

urban areas that are currently served by combined sewer systems. The methodology is 

intended to be utilized in the first phase of the planning and design process and applied to 

an existing roadway that is near the end of its design life and due for reconstruction. The 

intent of this work is to provide a contribution that bridges the gap between policy and 

implementation. On the policy side, the methodology is intended to inform the standard 

that should be enforced (i.e., should a green street policy require capturing the first 1.2” of 

runoff, the 25-year, 24-hour storm, the 100-year, 24-hour storm, or something else 

entirely?). On the implementation side, the methodology provides a standardized 

prescription for green street design that can be applied universally (i.e., the type of GSI that 

should be considered on a given roadway segment and the subsequent impact to the 

geometric characteristics of the roadway).   

The methodology proposes six types of GSI for green street applications: 

bioretention, bioswales, stormwater planters, infiltration trenches, subsurface infiltration 

and detention, and permeable pavement. The optimal GSI solution for each segment is 

determined using factors such as functional roadway classification, GSI preference (per 

Section 3.4.2), required GSI area, and available space for GSI along the segment. The top 

solution for a given segment also incorporates the extent of roadway modifications that 

must be made to accommodate proposed GSI.  
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The City of Atlanta is the focus of the methodology and analysis using three storm 

scenarios. The first storm scenario uses the water quality volume (WV), which is equivalent 

to the runoff generated by the first 1.2” of rainfall that falls on a site. The wave storm 

scenario represents the threshold for stormwater requirements set forth by the State of 

Georgia for new development and these requirements are stricter than Atlanta’s local green 

infrastructure ordinance. In this storm scenario, 55% of roadways in Atlanta’s CSA can 

accommodate multiple types of GSI without major roadway modifications. An additional 

34% of roadways can accommodate multiple designs with some modifications, while the 

remaining 11% require a complete reconfiguration. Therefore, it is acceptable to assume 

that green streets can effectively capture, treat, and store runoff generated from the WQv 

storm scenario.  

The second scenario presented is the 25-year, 24-hour storm, which is a common 

design storm benchmark for stormwater control measures across the US. Approximately 

53% of roadways can accommodate at least one GSI solution without modifications to the 

existing roadway configuration and 36% can accommodate at least three GSI solutions 

without modification. Expanding the solution to accommodate three types of GSI permits 

greater flexibility in the design process and allows input from stakeholders to determine 

which type of GSI most appropriately suits each segment’s character. Utilizing multiple 

types of GSI along one segment may help alleviate design challenges encountered on 

complicated sites or provide aesthetic benefits. Approximately 29% of roadways will 

require a complete reconfiguration to accommodate at least three solutions, but that share 

decreases to 23% if only one solution needs to be accommodated. The 25-year, 24-hour 

storm scenario requires a larger variety of roadway modifications to accommodate GSI 
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than the WQv scenario. The variation in roadway modifications is expected because a 

greater volume of runoff must be captured in the 25-year, 24-hour storm scenario. Green 

streets still provide an effective mechanism for controlling runoff generated by the 25-year, 

24-hour storm for over 50% of segments, but may not provide a universal solution across 

the CSA for a design storm of this magnitude.  

The 100-year, 24-hour storm analysis is intended to represent the effectiveness of 

green streets in an intense, infrequent runoff scenario that likely produces a CSO event. 

Successfully capturing the runoff generated in the ROW for a storm of this intensity would 

greatly reduce dependence on the underlying combined sewer system. Furthermore, green 

streets decrease the probability of a CSO event since a significant portion of stormwater 

runoff is captured using GSI. Any ROW-generated runoff that does eventually reach the 

combined sewer system, does so at a much slower rate due to the increase in pervious 

surfaces, freeing up system capacity for runoff generated elsewhere.  Approximately 47% 

of roadways (in terms of mileage) can accommodate at least one GSI solution without any 

modifications to the existing roadway section, while 28% require some modifications, and 

25% require a major reconfiguration. If three GSI solutions must be accommodated on any 

given segment, 25% of roadways do not require any modification to the existing 

configuration, 43% require some modifications, and 32% require a major reconfiguration. 

In this scenario, the share of segments that require modifications to the existing 

configuration are significant, regardless of whether one or three GSI solutions must be 

accommodated. Therefore, green streets do not offer a comprehensive solution for 

eliminating combined sewer dependency across the entirety of the CSA. However, the 

streets that can accommodate one or three solutions, while requiring minimal 
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modifications, are candidates for further study. While green streets may not be a silver 

bullet, this work demonstrates that green streets are an effective strategy for stormwater 

relief for nearly half of the roadways in Atlanta’s CSA.  

The results presented provide a strong foundation for the implementation of a green 

street design process, but further research must be completed prior to the issuance of a 

formal program and policy. A robust existing conditions inventory will yield more accurate 

results for factors included in the analysis, such as ROW space available for GSI and 

required roadway modifications. Further development of standard details and 

specifications will ensure compliance with applicable regulations at local and state levels. 

Creating a level of standardization for the GSI proposed in this work will also contribute 

to the establishment of operations and maintenance protocols. Establishing standards for 

construction and operations will impact data inputs in the analysis, such as available GSI 

storage and implementation preference, which could alter the results. While the optimal 

GSI solution and associated roadway modification for an individual segment may change 

with a greater level of detail, the methodology will not.  

The Green Street Toolkit presented in this research provides a framework for a 

green streets policy and a foundation for future analysis. Green streets provide an 

opportunity for cities to transform their liabilities into environmental assets. Furthermore, 

they allow for a flexible design and implementation process that requires very little upfront 

investment. Successful green street programs across the US have rendered more resilient 

cities that are prepared to combat combined sewer issues and adapt to changing climactic 

conditions. It’s time for other cities to stop paving paradise to put up a parking lot, and 

instead, put up a green street.  
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APPENDIX A.  GREEN INFRASTRUCTURE DETAILS AND 

ASSUMPTIONS 
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